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Executive Summary 

Background 

The UniFirst Property is one of the five Source Area Properties which are part 
of the Wells G & H Superfund Site in Woburn, Massachusetts. As part of the 
effort to identify and remediate contamination beneath its Property, UniFirst 
Corporation has conducted numerous investigations of conditions in the 
unconsolidated deposits and bedrock. 

UniFirst has implemented the remedy for the groundwater, i.e., pumping 
and treatment of groundwater from well UC22. The remedy prescribed 
presently for the unconsolidated deposits is soil vapor extraction (SVE) as 
specified in the 1991 Explanation of Significant Differences (ESD). This report 
presents UniFirst's evaluation of this remedy. 

According to the regulatory decision and settlement documents concerning
the remediation of the contaminated unconsolidated deposits, the sole goal
for any such remedial efforts is the protection of groundwater. The cleanup
level for contaminated unconsolidated deposits of 36.7 (ig/kg PCE specified in 
the 1989 Record of Decision (ROD) was meant to reflect the concentration, 
that, if present in unconsolidated deposits, would leach to the groundwater 
and cause exceedance of the MCL for PCE (5 Mg/L). 

The ROD, the Consent Decree Statement of Work (SOW) and ESD all indicate 
that the remedy for the contaminated unconsolidated deposits at the UniFirst 
Property should commence at some appropriate time during operation of the 
groundwater remedial measures so as to avoid recontamination of the 
unconsolidated deposits by vapor migration from the groundwater. 

At the time these decisions were made, several aspects of the Property 
conditions were uncertain. The location and mass of PCE in the 
unconsolidated deposits was not known. The relative contributions of the 
contamination in the unconsolidated deposits and the DNAPL in the bedrock 
to the groundwater contamination was not known. Also, it was not known 
how long significant groundwater contamination in the bedrock might 
persist. 

Results of Recent Investigations 

Detailed investigations conducted during 1992 through 1994 have led to the 
formulation of a comprehensive conceptual model for the nature and extent 
of PCE contamination in the unconsolidated deposits at the UniFirst Property. 
This conceptual model provides the basis for conclusions as to whether 
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remedial measures for the unconsolidated deposits are necessary to control 
the effects of the contamination present, and also provides the basis for the 
evaluation of prospective remedial measures. 

The most important aspects of the site conditions are: 

• There are two areas in which PCE was released to the ground 
surface: the waste-oil contamination area and the area to the south 
of the current loading dock. 

• The release areas are small in lateral extent with the waste-oil 
contamination area measuring about 15 feet by 35 feet, and the 
current loading-dock area measuring about 20 feet by 35 feet. 

• Evidence of residual DNAPL has been found only in small 
discontinuous zones within the release areas. 

• The mass of PCE estimated to remain in the release areas is small, 
less than approximately one hundred pounds, a small fraction of 
the several thousand pounds or more likely present in the bedrock
or other off-Property sources,

• The flux of PCE to the groundwater from the release areas is very 
small, 0.05 pounds/month or less, due to the small size of the 
release areas and the relatively low permeability of the 
unconsolidated deposits. The calculated PCE flux to the 
groundwater from the unconsolidated deposits is about 0.02 per cent 
to 0.2 per cent of the 25 to 30 pounds/month of PCE removed by the 
pumping of UC22. 

• A zone of diffuse contamination extends from the east end of the 
Property measuring about 13,000 ft^ in area. Low to moderate 
concentrations of PCE in this area result from vapor migration 
upward from the contaminated groundwater. 

• The presence of DNAPL in the shallow bedrock is indicated by the 
findings in UC8. The magnitude of dissolved PCE concentrations 
and the persistence of high concentrations in UC22 indicate the 
presence of DNAPL in the deeper bedrock. 

• Groundwater contamination is expected to persist indefinitely, 
decades or longer, because of the large mass of PCE estimated to exist 
in the bedrock, the presence of other off-Property sources, and the 
rate of removal by pumping of UC22.

Benefit of Remediation of the Unconsolidated Deposits 

It can now be concluded that groundwater contamination will persist for 
decades or longer because of the large mass of DNAPL in the bedrock and the 
other off-Property sources. Vapor migration upward from the contaminated 
groundwater will negate the effectiveness of remedial measures 
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implemented in the unconsolidated deposits while groundwater 
contamination persists beneath the Property. 

The contribution of PCE from the unconsolidated deposits to the 
groundwater is negligible in comparison to the contribution from DNAPL 
present in the bedrock and other off-Property sources. 

Because of these conditions, no measurable benefit in terms of groundwater 
protection could result from remediation of the unconsolidated deposits in 
the foreseeable future. In the event that restoration of the groundwater is 
achieved at some time in the distant future, it is possible that no further 
remediation would be required in the unconsolidated deposits in order to 
protect groundwater. Because the contribution of PCE to the groundwater 
from the unconsolidated deposits is estimated to be so small, the presence of a 
small mass of PCE in the unconsolidated deposits may not have any 
significant effect on potential drinking water supplies in the underlying 
groundwater. 

Irrespective of whether any potential benefit with regard to groundwater 
protection could be derived from remediation of the unconsolidated deposits, 
the small size and shallow depth of the contaminated areas, the relatively low 
permeability, and the spatial variability in soil properties at the Property 
would severely Ijrnit the performance of most in situ treatment or removal 
remec 

Feasibility of SVE 

SVE was selected in the 1991 ESD at a time when there was little quantitative 
information on the distribution of contaminants or the physical properties of 
the unconsolidated deposits. Based on the understanding gained from the 
detailed investigations conducted during 1992 through 1994, the feasibility of 
SVE for remediation of the unconsolidated deposits at the UniFirst Property 
was assessed according to the remedy screening factors set out in EPA 
guidance. 

Although the PCE at the UniFirst Property would be amenable to removal by 
SVE if only its physical and chemical properties were considered, almost all 
the factors related to soil characteristics and site characteristics at the UniFirst 
property will have a negative effect on the performance of SVE. The most 
significant of these factors are: 

• the shallow depth of contamination in both the release areas and 
the zone of diffuse contamination; 

• the small volume of contaminated unconsolidated deposits 
associated with the release areas; 



• the low air permeability found generally in the unconsolidated 
deposits, and very low air permeability values found in the release 
areas; and 

• the extreme spatial variability in air permeability and 
contamination concentrations in the unconsolidated deposits. 

SVE can never contribute to the protection of groundwater while 
contaminated groundwater persists and allows upward migration of vapors. 
It is unlikely that protection of groundwater could be achieved practicably by 
SVE, even if remediation of the unconsolidated deposits were to be required 
following restoration of the underlying contaminated groundwater at some 
time in the future. Other remedial technologies would likely be more cost 
effective than SVE for part or all of the contamination that might remain in 
the unconsolidated deposits at that time in the future. 

As a result, it is concluded that further study of SVE by means of field 
pneumatic testing or pilot testing is not warranted. Neither pneumatic testing 
nor short duration SVE pilot testing could provide more definitive 
information on the factors most critical to the effectiveness of SVE, namely, 
the effect of slow diffusion of contaminants out of lower permeability zones, 
and the length of time that an SVE system would need to operate to achieve 
any specified cleanup target. 

Alternate Cleanup Target 

When the decisions outlined in the 1989 ROD and 1991 ESD were made, there 
was little information on the nature and extent of contamination in the 
unconsolidated deposits. At that time, there had been no indication of 
residual DNAPL in the unconsolidated deposits. Since then, the waste-oil-
contamination release area was discovered and the contamination in the 
current loading-dock area has been delimited. PCE concentrations in samples 
of the unconsolidated deposits indicate discontinuous zones of residual 
DNAPL, but these areas are small in size, are at shallow depth, and are 
generously estimated to contain less than approximately one hundred 
pounds of PCE. In view of the finding of these release areas, it is appropriate 
tajconsider-alternate soil cleanup_targetsJntended to_prptect against exposures 
via other pathways •-

UniFirst proposes to utilize the action level for PCE that the EPA has set out 
in the proposed RCRA rule titled "Corrective Action for Solid Waste 
Management Units (SWMUs) at Hazardous Waste Management Facilities," 
which, UniFirst understands, is currently being utilized in Region I. As the 
most stringent soil standard where groundwater protection is not at issue, the 
EPA proposed_an=Haction level" for_PCE_ concentrations in unconsolidated 
depositsCon^g/kgOO^OQO^ig/kg). 
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UniFirst proposes that a PCE concentration of 10 mg/kg (10,000 ug/kg) be 
applied as an alternate cleanup target for the unconsolidated deposits in order 
to protect against the risk of direct exposure to contamination close to the 
ground surface. The material that presently exceeds the alternate cleanup 
target is found only at shallow depth in the release areas. All PCE 
concentrations exceeding about 10,000 |xg/kg are found in the waste-oil 
contamination area and the vicinity of the current loading dock. The volume 
of contaminated unconsolidated deposits in these areas is small, about 100 to 
200 yd3. 

Cleanup to this alternate target would constitute a permanent remedy that 
would not be negated by the effect of vapor migration upward from the 
underlying contaminated groundwater. Evidence from the Property indicates 
that PCE contamination of the unconsolidated deposits by upward vapor 

3 migration from the groundwater should not exceed 10,000 (ig/kg. 

Cleanup to this alternate target would remove about 90 per cent of the less 
than approximately one hundred pounds of PCE estimated to be present in 
the unconsolidated deposits and would increase the likelihood that no 
further remediation of the unconsolidated deposits would be required to 
protect groundwater, at some time in the distant future if groundwater 
remediation were ever to be completed. 

Alternate Remedial Measures 

Remedial measures to achieve the alternate cleanup target will focus on the 
small volume of contaminated unconsolidated deposits found at shallow 
depth in the waste-oil contamination area and the vicinity of the current 
loading dock. Excavation is probably the most suitable technology for 
remediation in this situation. However, in situ oxidation by permanganate 
infiltration also deserves consideration because this in situ treatment 
technology may not be limited by geological variability to the same degree as 
technologies such as SVE. 

For a cleanup target of 10,000 (xg/kg, the implementation and costing of an 
excavation remedy can be well defined. UnjFirst proposes to prepare a plan 
for implementation_and preliminary costs for an excavation remedy. 

The use of in situ oxidation of PCE in the unconsolidated deposits by 
infiltration with a solution of potassium permanganate may have advantages 
over other in situ removal or treatment technologies such as SVE because it 
may be less impaired by the effects of geological variability. In addition, in situ 
oxidation would not require shipment of contaminated soil off site for 
treatment or disposal. 



As a first stage in the evaluation of permanganate infiltration, UniFirst 
proposes to assess the site conditions at the Property and information 
available from experimental testing of the technology in order to develop a 
conceptual remedial design and preliminary costing. The expected 
effectiveness of the technology and possible cost would then be compared to 
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1.0 Introduction 

The UniFirst Property at 15 Olympia Avenue (Property) constitutes one of the 
five Source Area Properties, and is located in the north-central portion of the 
Wells G&H (Site), Woburn, Massachusetts (Figure 1-1). As part of the effort to 
delineate and remediate contamination beneath the Property, UniFirst 
Corporation has conducted numerous investigations of conditions in the 
unconsolidated deposits and bedrock. This report provides a summary of the 
pertinent history of the Property, including the investigations and the 
regulatory negotiations and agreements pertaining to contamination in the 
unconsolidated deposits. This historical summary provides the necessary 
context and background for the subsequent discussion that articulates 
UniFirsf s opinions regarding the practicability and utility of attempting to 
remediate the unconsolidated deposits on the Property. In particular, the 
report presents UniFirsf s position on the prognosis for soil-vapor extraction 
as a remedial action for the Property. As such, this report comprises the 
summary document requested by the-EPA that is referenced in the July 21 r 

1994 letteniromJleirdre Menoyo (UniFirst's counsel)i_Ju3Jgaula-Fk^siminQns_ 
JEPA). 

This report is organized in three parts. In Part I of the document. Section 2.0 
summarizes the relevant history of the site and the geological setting beneath 
the Property. It also recounts the chronology of regulatory events, 
negotiations, and decision documents pertaining to the unconsolidated 
deposits beneath the Property. This account includes, as requested by EPA, 
UniFirsf s interpretation of the pertinent references in the relevant decision 
documents and their technical implications for remediation of the 
unconsolidated deposits. 

Part II of the document reviews the investigative activities conducted on the 
Property and the development of the conceptual model for contamination 
beneath the Property. Section 3.0 sets forth a summary of all the data 
pertaining to the unconsolidated deposits generated by the on-Property 
investigations as well as a description of the tasks undertaken, and the 
findings of each of those investigations. Section 3.0 is organized 
chronologically and explains the relevance of each investigative phase at the 
Property to the gradual evolution of the current conceptual model. Section 4.0 
describes the conceptual model for the nature and extent of contamination in 
the unconsolidated deposits. This conceptual model provides the essential 
basis for UniFirsf s technical opinions regarding the practicability and utility 
of implementing remedial measures in the unconsolidated deposits beneath 
the Property. 

Part III of the document contains a discussion of the evaluation of remedial 
measures in the unconsolidated deposits. Section 5.0 provides a description of 
the technical basis for UniFirst's conclusion that there is no practicable 
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application for SVE at the Property. Section 6.0 includes a description of 
potential alternative remedial goals and technologies. A summary of the 
main points made in the document and the stated conclusions is given in 
Section 7.0. 
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2.0 Background 

2.1 History of Site Use 

Since 1983, UniFirst has researched the history of the use of the Property through 
interviews of its employees, review of numerous public—state and local—and 
company records and examination of available aerial photographs of the Property 
and surrounding areas. UniFirst has reported to the EPA historical information 
resulting from that research in a series of formal submittals that includes: 
Assessment of Ground Water Contamination Potential of Interstate Uniform 
Service Company's Facility at Woburn, Massachusetts, ERT, June 6, 1983; Evaluation 
and Recommendations for Alternatives Concerning Additional Investigation of 
Ground-Water Contamination, ERT, September 24, 1984; UniFirst's responses to the 
EPA's "104(e) requests" are contained in these letters—Ronald D. Croatti to Gwen 
Ruta, February 17,1987, Ronald D. Croatti to Gwen Ruta, February 19, 1987, Jeffrey C. 
Bates to Gwen Ruta, February 25, 1987, Ronald D. Croatti to Barbara Newman, April 
11, 1988; Draft Remedial Design Investigation Report and Final Design, Section 6, 
EPC, October 22, 1991; Draft Pre-Design Work Plan, Water Waste & Land, Inc., et al., 
November 13, 1992; Analyses for Petroleum-Hydrocarbon Characterization of 
Unconsolidated Deposits, DNAPL and Bituminous Concrete from the UniFirst 
Property, J.P.Maney and S.Feenstra, January 28, 1994. 

This section recapitulates, from the extensively researched and reported site-use 
history of the Property, a-chronology of those events which are noteworthy in light 
of the findings of the now eleven years of field investigations. In addition, this 
section describes the chronology of building construction. Figure 2-1, which is 
modified after the figure in ERT's 1983 report, illustrates the Property, discrete 
construction events and the locations of the structures referenced below. 

Prior to the early 1950's, historical aerial photographs reveal that the Property was 
not actively used. Neighboring land uses, such as greenhouses, orchards and 
commercial businesses resulted in minor impacts on the Property, including surface 
disturbances, minor excavation and land clearing. The highway. Route 128 
(Interstate 95), first appears to the north of the Property in an aerial photograph from 
1954, which shows the original location of Route 128, and the Washington Street 
ramp and bridge. 

In 1961 and 1962, the Massachusetts Department of Public Works (DPW) records 
show that the DPW widened Route 128 adjacent to the Property. This road 
construction included: the demolition of the old Washington Street bridge, re
alignment of Washington Street, widening of Route 128, and reconfiguration of the 
Washington Street exit ramp from Route 128, which abuts the northern boundary of 
the Property. DPW records and interviews with former DPW employees indicate 
that construction debris from this construction was disposed of in the ramp 
embankments of the Route 128 and Washington Street interchange. As described in 
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Section 3.3.4, evidence of this disposal practice was unearthed during the excavation 
of the influent-line trench from UC22 to the groundwater treatment plant. 

From 1962 through 1965, no improvements were made on the Property. Historical 
aerial photographs for this interval, however, reveal a significant amount of surface 
disturbance, such as excavation, debris piling and surface staining. In particular, an 
aerial photograph taken in 1964 shows soil disturbances and what appears to be soil-
stained areas emanating from the northeast corner of the Property to the south and 
west. The location and areal extent of this soil staining has been superimposed, via 
aerial photographic interpretation, onto a base map depicting the current land-use 
features of the Property, and is shown on Figure 2-2. This information, including 
the 1964 photograph, was provided to the EPA in the November 13, 1992 Pre-Design 
Work Plan. The discovery of contaminated unconsolidated deposits believed to be 
associated with this staining is discussed in section 3.3.4. 

Building A, as depicted on Figure 2-1, was constructed in November 1965. This 
building and property were leased to Interstate Uniform Service Corporation (IUS, 
which changed its corporate name to UniFirst Corporation in 1986). An aerial 
photograph from 1966 shows Building A on the Property . The pavement 
configuration at that time extended in front of the building and as a narrow strip 
(one to two car widths) along the west and back sides of the building. The area 
immediately to the east of Building A was vacant. 

The "Building B" addition was constructed in 1966. This addition is evident in a 
1968 aerial photograph. Paved areas on the Property now extend in front of and 
behind the Building B addition. It is likely that this pavement corresponds to the 
buried pavement layer discovered at a depth of about one to two feet below the 
current surface pavement on the east end of the Property (see section 3.0 for 
additional discussion). In addition to completing construction of Building B in 1966, 
UniFirst installed two steel underground storage tanks.The tanks were used to store 
gasoline.

In 1970, UniFirst installed a third steel underground storage tank. This tank was 
used to store diesel fuel. 

In 1978, IUS constructed a third building addition, "Building C," along the front of 
Building A. 

Between approximately 1977 and 1982, IUS maintained a 5000-gallon indoor storage 
tank that was supported on two steel cradles above the concrete floor inside 
Building B at the east end of Building B. The tank was used principally to store PCE 
for occasional distribution to IUS' branch operations and retail launderers to take 
advantage of fluctuations in PCE wholesale costs. Small quantities (less than fifty 
gallons) of PCE at a time were reportedly pumped-off for distribution to IUS dry-
cleaning plants at other locations. In addition, one load of TCA was reportedly 
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delivered to this tank. The fill pipe for the tank was located outside the building, 
within the former at-grade loading dock at the east end of the building. 

In late 1979, a PCE spill of approximately 100 gallons of PCE occurred inside Building 
B. The spill reportedly occurred because a filter broke in the inlet line to the PCE 
storage tank. IUS personnel who were working near the tank at the time of the spill, 
immediately noticed the spill, and cleaned it up by placing garments on the floor to 
soak-up the PCE. The garments were put in barrels, placed in the breezeway in the 
loading dock, and shipped to IUS' Nashua, New Hampshire operation to recover 
the PCE. No PCE was reported to have exited the building via doors or other passage 
ways. In addition, no floor drains or weep holes existed in this portion of the 
building. The PCE was probably in contact with the floor for less than one hour. In 
either November 1982 or January/February 1983, the tank was permanently 
removed from the Property. 

In the late 1970's, IUS completed the last major structural modification to the 
building. The loading dock at the east end of the property was upgraded and 
enclosed. This upgrade entailed transforming the loading dock from a ramped-
down at-grade dock to an elevated and enclosed dock. Although no documentation 
is available, it is assumed that this construction event coincided with the 
construction of the second, upper layer of pavement at the current ground-surface 
grade in the northeast corner of the Property. In addition, the fill pipe to the above-
ground, inside storage tank was relocated to its current position that is illustrated in 
Figure 2-1. As reported by ERT (1983), four areas of asphalt scarring, were visible in 
the area of the fill pipe. These scars were a few inches in diameter, and were 
believed to be attributable to small drips of solvents associated with transfer of 
solvents to the storage tank from truck tankers. 

In 1986, UniFirst removed the two gasoline and diesel underground storage tanks. 
This work was supervised by ERT and inspected by the Woburn Fire Department
and the DEP NERO.  

In 1989, UniFirst Corporation ceased all business operations on the Property, and 
leased the Property to Woburn Storage Depot, Inc. The Storage Depot continues to 
lease the space. UniFirst continues to use the northeast corner of the building for 
housing and operation of the groundwater treatment plant, which is part of 
UniFirst's groundwater Remedial Action. 

2.2 Site Description 

The unconsolidated deposits beneath the Property consist of till and overlying 
artificial fill. Their total thickness varies considerably across the Property (Figure 2-
3). In the northeast corner of the Property, bedrock is located at only a few feet below 
ground surface. The thickness of the unconsolidated deposits increases westward as 
the bedrock surface drops off towards the axis of a major bedrock valley underlying 
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the Aberjona River (Figure 1-1), and the unconsolidated deposits are at their thickest 
(approximately 75 feet) at the northwestern Property boundary. 

With the exception of the narrow strip of land in the extreme northeast corner of 
the Property, where wells UC9, UC22, and UC23 are located (see Figure 2-3), the 
ground surface, across almost the entire Property outside of the UniFirst building is 
paved. In the northeast corner of the Property, a second layer of pavement, 
associated with an earlier configuration of the UniFirst building (see Section 2.1), is 
located a foot or two below the current surface pavement. The parking-lot surface 
over Test Pits A, B, D and M and the UST removal areas has been restored by 
installation of "turfstone" pavement. 

Beneath the eastern half of the Property, the till consists of a tan or brown to gray, 
poorly-sorted mixture of silt, sand, and gravel with boulders common, and has been 
referred to as an "ablation till" (Draft Pre-Design Work Plan, 1992). Locally (e.g., at 
UC8) a "lodgment till" unit approximately 1.5 feet thick overlies bedrock. The 
"lodgment till" is distinguished by its extreme density (e.g., 75 blows per 6 inches 
with a 300-pound hammer) and characteristic color and grain-size distribution (e.g., 
gray to green-gray, coarse to fine sand and gravel, little silt). The overlying artificial 
fill is generally described as a tan to brown sand and gravel with a minor silt-sized 
fraction. The contact of the till with overlying artificial fill is difficult to distinguish, 
likely because much of the artificial fill was derived from similar on-Property or 
local deposits. Beneath the western half of the Property, the ablation till is 
consistently underlain by a dense, gray to olive-green lodgment till which directly 
overlies bedrock. Bedrock underlying the Property is fractured crystalline rock of two 
distinct lithologies: pink and gray, granodiorite; and a dark, greenish-gray 
gabbrodiorite. The thickness of the unconsolidated-deposits units and the geologic 
sequence described above are illustrated on a series of cross sections that are aligned 
as illustrated on Figure 2.4. Cross sections A-A' through E-E' are included as Figures 
2-5 through 2-9. 

On the east end of the Property, where thirteen test pits have been excavated (eleven 
to the top of bedrock) and two bedrock borings have been cored, the nature of the 
bedrock surface was examined directly. In the vicinity of the east end of the UniFirst 
building, the contact between the unconsolidated deposits and bedrock is distinct 
and irregular. For example the bedrock (granodiorite) surface exposed in Test Pit A 
had approximately two feet of irregular relief. The surface and near-surface bedrock 
is generally slightly weathered (Core Logging Committee, 1978). That is, the joint 
faces are typically coated with what appear to be iron and other metallic oxides. In 
addition, calcium carbonate coatings are typical. The gabbrodiorite is often more 
weathered and fractured than the granodiorite. For example, the recesses in the 
granodiorite surface exposed in Test Pit A were capable of holding water without 
any noticeable leakage into the bedrock. The gabbrodiorite exposed in Pits C, D, and 
E, however, was medium to highly weathered—that is, slight discoloration extends 
from fracture planes through the greater part of the rock to friable with original 
texture mainly preserved (Core Logging Committee, 1978). The degree of weathering 
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of the gabbrodiorite appears to be local and decreases (i.e., the rock becomes more 
competent) quickly with depth. For example, the gabbrodiorite exposed in Test Pit 
M, which is adjacent to Test Pit D, was as closely to very closely (Core Logging 
Committee, 1978) fractured as that exposed in Test Pits C, D and E (approximately 
five to ten fractures per linear foot across the exposed surface), but only slightly 
weathered. Similarly, the boring for well UC8 encountered lodgment till directly 
overlying slightly weathered and highly fractured (RQD 16 per cent) gabbrodiorite. 
The granodiorite is similarly highly fractured. For example, the first two core runs 
in the boring for well UC5, which ran from 9.0 to 11.0 and 11.0 to 14.0 feet below 
ground surface, produced RQD of 0 per cent. The granodiori te, unlike the 
gabbrodiorite, was only slightly weathered near the bedrock surface at each location 
encountered. The joint dips are generally sub vertical, but range in dip from 10° to 
80°. The fractures in the bedrock (for both rock types) surface were typically filled 
with silt from the overlying till. 

The photographs of the bedrock surfaces from Test Pits A and Test Pit E illustrate the 
difference in the closeness of jointing and the openness of the joints between the 
two bedrock types (Figures 2-10 and 2-11). Test Pit A manifests a granodiorite surface 
that is of high relief and slightly weathered, and the joints, although spaced at 
approximately 2 to 3 per foot, are relatively tight based on the puddling of water in 
the recesses. The gabbrodiorite surface depicted in Figure 2-11 (Test Pit E) is also of 
high relief, but it is moderately weathered and highly fractured. In addition, the 
joints in the surface gabbrodiorite appear open. 

Generally, the bedrock surface in the vicinity of the east end of the Property is closely 
to very closely fractured, slightly to highly weathered and of high relief. In addition, 
the shallow bedrock cored borings for wells UC4, UC5 and UC8 manifest permeable 
jointing, as evidenced by the metallic oxide joint-face coatings, throughout their 
depth. 

The water table in the unconsolidated deposits underlying the Property fluctuates 
seasonally approximately 4 feet with a water table depth between 10 and 14 feet 
below ground surface. Figures 2-12, 2-13 and 2-14 present cross sections A-A', B-B' 
and E-E' which show the range of water-table fluctuations between November 1992, 
a seasonal low, and May 1994, when water levels are seasonally high. Based on the 
data presented on these two cross sections of unconsolidated-deposit water-table 
wells as representative of seasonally high and low water tables. Figure 2-15 shows 
the area of saturation for the unconsolidated deposits beneath the Property. Figure 2-
15 shows that the unconsolidated deposits beneath the eastern end of the Property 
remain unsaturated throughout the year. However, water levels in the shallow 
bedrock wells at the eastern end of the property (UC4, UC5, UC8, UC17 and UC20) 
have been measured above the bedrock surface. Currently, no monitoring wells are 
screened in the unconsolidated deposits adjacent to these shallow bedrock wells to 
determine if saturation occurs in the unconsolidated deposits when these shallow 
bedrock water levels are above the bedrock surface. In addition, these high water 
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levels also indicate that the groundwater pumping currently in progress at UC22 
does not permanently dewater the shallow bedrock at the east end of the Property. 

The general lateral direction of shallow g roundwa te r flow within the 
unconsolidated deposits during nonpumping conditions is to the southwest as 
shown on Figure 2-16. As the second annual report regarding the UniFirst 
groundwater monitoring and capture system performance for the RD/RA will 
show, all areas of contaminated groundwater beneath the Property are apparently 
captured by the UC22 pumping well. In the report, UniFirst will recommend VOC 
monitoring to confirm if a reduction in VOC concentrations in the unconsolidated-
deposits groundwater is occurring along the western boundary of the Property. 

2.3 Chronology and Regulatory Framework 

2.3.1 Introduction and Summary. 

As a result of recent dispute-resolution discussions between.the EPA-and UniFirst, 
UniFirst agreed to provide this report and to include in this report a chronology of 
the genesis of SVE as the EPA's preferred remedial al ternat ive for the 
W c o n s o l i d a t e ^ deposits beneath the Property and the subsequent interactions 
beTween the EPA and' UniFirst. The following chronology is organized in a 
regulatory framework. Therefore, the descriptions of events formally reference 
many of UniFirst's formal submittals, letters and presentations to the EPA and the 
EPA's formal documents and letters. To facilitate the reader's appreciation of the 
major points that are to be derived from the subsequent detailed sections, a 
summary is provided first. 

In short, according to the decision documents, the sole goal for any remediation of 
the unconsolidated deposits beneath the Property is groundwater protection. 
'Clean-up leveliTior volatile organic compounds (VOC) in unconsolidated deposits 
beneath the Property were meant to reflect concentrations which, if present in the 
unconsolidated deposits, might leach into groundwater, thereby causing exceedances 
of the relevant water quality standards, i.e., maximum contaminant levels (MCL). 
No other risks associated with soil contamination were identified at the Property^ 
Further, the decision documents recognize that remediation ot contaminated 
unconsolidated deposits must be sequenced to occur at an appropriate time after 
groundwater remediation has reduced the likelihood of recontamination of the 
unconsolidated deposits; they do not set forth any other mandate concerning the 
appropriate time to study or commence SVE. 

SVE was first mentioned for the Property during negotiations in 1990 and was jo t , 
subjected to appropriate feasibility studies for the Property before it was adopted as a 
remedial alternative in the Statement of Work (SOW) (incorporated by reference 
into the Wells G & H Consent Decree (the Consent Decree)). Although UniFirst 
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believes that the "appropriate time" foraddressing soil contamination beneath the 
Property hasj iot occurred, and will not occur in the foreseeable future, shortly after 
the Decree was lodged, at the EPA's request, UniFirst began evaluating the feasibility 

^^ imp lemen t ing SVE at the Property. Continuously since then, as described in 
Section 3, UniFirst has performed numerous site-characterization and contaminant-
distribution activities that led to the conclusions stated in this report. The following 
paragraphs recount the steps in the technical and regulatory dialogue^between
UniFirst and the 

In January 1989, EPA proposed a remedial action plan (RAP) affec
of unconsolidated deposits at four of the five source area properties in the Wells
G & H Site. The RAP called for excavation and incinerat ion of certain
unconsolidated deposits affected by VOC contamination, namely, an estimated 150

LCuJ2ic4^ards of soil beneath the Property, believed to be contaminated by PCE in excess

of 36.7 [ig/kg. For the Property, the goal of this remedial approach was protecting
groundwater from concentrations of tetrachloroethene (PCE) that might leach from

the unconsolidated deposits and contaminate groundwater in excess of 5'p.g/L, the
MCL for PCE. For VOC found in unconsolidated deposits, the RAP stated thati™

from

deposi 
deaivup levels would be set based on consideration of the only exposure pathway

^found to pose a risk for VOC. that is, migration of contamination 
unconsolidated deposits into the groundwater. (RAP pp . 7-8.) Although direct
contact exposure pathways for certain other soil contaminants elsewhere on the
Wells G & H Site were found to occasion unacceptable risks, no unacceptable risk
was expected to result from direct contact with VOC in the unconsolidated deposits
beneath the Property. 

2.3.3 March 1989: UniFirst Corporat ion 's Comments on the Proposed 
Remedial Action Plan. 

In response to the EPA's proposed plan to require incineration of unconsolidated 
deposits excavated from the Property, UniFirst submitted comments in a Technical^ 
Report authored by Dr. John Cherry, and others in March 1989. The report concluded 
that the low to moderate concentrations of PCE found in shallow unconsolidated 
deposits beneath the Property were the result of upward vapor migration from 
contaminated groundwater. (Cherry et al., 1989 pp. 73-76). This conclusion was based 
largely on vapor-migration measurements beneath the Property, as explained in 
Section 3 below. Vapor^diffusion modeling further supported these findings. It was 
concluded that the concentrations of PCE found in shallow unconsolidated deposits 
"did not represent soil contaminated by past practices, but rather that the 
contamination is the result of upward vapor migration." (Cherry et a l , p. 76) 
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2.3.4 September 1989: Record of Decision. 

With an important modification based on UniFirst's comments, the EPA selected 
excavation and incineration as the remedy for the contaminated unconsolidated 
deposits beneath the Property, as well as other source areas, in the Record of 
Decision (ROD) issued in September 1989. (ROD pp. 31-32.) The EPA estimated that 
there were 150 cubic yards of PCE-contaminated unconsolidated deposits to be 
addressed beneath the Property. (ROD p. 32.) The ROD set forth "soil clean-up goals" 
for several VOC, including PCE, which were based on the paradigm that 
contamination in the unconsolidated deposits would leach into groundwater: "For 
volatile organic compounds detected in the soil and the groundwater, and which
pose a substantial risk of exposure via groundwater, a leaching inodeL-was-used t
calculate a level in the soil that is protective of ground water ."These chemicals and
their respective target soil concentrations are presented in Table 5." (ROD p. 29.) The
"action level" or "target soil concentration" for PCE set forth in Table 5 is 36.7 [ ig/kg
A footnote to Table 5 in the ROD describes these levels as "Action levels based on
the attainment of a target risk level in unconsolidated-deposits which corresponds
to the attainmenLof ARARs, [applicable or relevant and appropriate requirements, 

i.e. MCLs] in groundwater." The 36.7 (ig/kg^goal was not meant to be rigid; the ROD 
anticipated that the actual fraction_of organic carbon (foe) value would be used to 
modify volumes of unconsolidated deposits requiring remediation and clean-up 
goals as necessary. In direct response to UniFirst's comments in its 1989 Technical 
Report, the ROD states: 

Consideration will be given to the sequencing of the soil and 
groundwater components of the remedy . to avoid recontamination of 
treated soil by volatilization of contaminated groundwater. This is of 
special interest at the.UniFirst property due to the presence of dense, 
non-aqueous phase liquids [DNAPLs] which have the potential to 
volatilize and recontaminate the soils. 

(ROD p. 32.) (Emphasis added.) Thus, although the EPA retained the originally 
proposed remedy for unconsolidated deposits in the ROD, the EPA recognized that 
the presence of DNAPL in the bedrock beneath the Property made it essential for the 
EPA and UniFirst to consider sequencing remediat ion a t tempts for the 
unconsolidated deposits with remediation of the underlying ground water. 

2.3.5 1990: Consent Decree Negotiations. 

EPA firsL-Sugge.sted_tliaJ—SVE be substituted for excavation and incineration of 
contaminated unconsolidated deposits beneath the Property in July 1990, during the 
final stages of the special-notice negotiations that resulted in a settlement in the 
early fall of 1990. UniFirst immediately objected because its scientists did not believe 
that vapor extraction from the unsaturated zone beneath the Property could usefully 
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abate contamination in the unconsolidated deposits as long as contamination 
persisted in the underlying groundwater. They believed that the high levels of 
contamination known to be present in the underlying groundwater would 
continuously and indefinitely recontaminate the unconsolidated deposits. During 
the negotiations, the EPA requested, and UniFirst provided, a memorandum 
explaining the technical basis for UniFirst's position. (S. Feenstra, Memorandum, 
July 31, 1990.) After recapitulating the investigation described in the 1989 Technical 
Report, which stated that contamination migrated upwards from the groundwater, 
UniFirs_t_p£Oposed the following remediation sequence: 

1. Pump groundwater to control migration from the source area and retrieve 
contaminated groundwater from on-site areas; 

2. When monitoring of groundwater quality in the site area indicates that 
groundwater quality has reached a concentration that will not cause 
recontamination of the unsaturated zone, begin vapor extraction from the 
unsaturated zone; and 

3. When monitoring of unsaturated zone vapor indicates that remediation is 
complete, cease vapor extraction and continue extraction of groundwater. 

At that time, Stanley Feenstra, UniFirst's lead scientist for this matter, performed 
one-dimensional vapor-transport modeling to estimate the maximum PCE 
concentration in tHe" groundwater which would not be expected to cause 
recontamination of shallow unconsolidated deposits to levels that would exceed the 
clean-up standard. The preliminary results of that modeling, as reported in the 
technical memorandum, indicated that PCE in the~gg»undwater wmild have tn he 
reduced_to a concentration of less than about(85 ^gTlvto avoid recontamination of 
unsaturated unconsolidated deposits to concentrations above the clean-up standard; 
this concentration came to be referred to, during these negotiations, as "Feenstra's 
Number." It was hoped that changes in concentrations in groundwater pumped 
from UC22 (to be tested later that year) might provide an estimate of the time 
required to achieve that concentration. (Unfortunately, as will be described in 
Section 4, after almost two years of operating the UC22 extraction and treatment 
system, the PCE concentrations in the groundwater pumped from UC22 have 
remained constant at approximately 1,500 p.g/L. The groundwater concentrations in 
_the influent_to UC22 are_not_£xpected to reach Feenstra's Number in the foreseeable 
future, i.e., for decades or more.) 

2.3.6 Consent Decree Statement of Work. 

The Statement of Work (SOW), which was incorporated by reference into the 
settlement Consent Decree, calls for use of SVE at the Property to attain a clean-up 
level for PCE of 36.7 pg /kg based on the leaching model. (SOW pp. 5-6.) The SOW 
indicates that the soil clean-up level could be modified based on site-specific data: 
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"the clean-up level may be modified__based on revised input to the leaching model 
used in the Feasibility Study incorporating measured soil properties derived from 
the Source Area properties." (SOW p. 5.) Because the feasibility of implementing 
SVE on the Property was not evaluated as a remedial alternative for the Property 
prior to its selection as the remedy for the contaminated unconsolidated deposits, 
the SOW called for "a pilot scale test for in-situ volatilization to insure effectiveness, 
and_j3ptiinjzation~of the extraction systems and the emission treatment systems." 
(SOW p. 15.) It explains: "The results of these studies shall determine, at a 
minimum, the exact location and depth of extraction wells, sizing, efficiency of the 
emissions treatment systems, effectiveness of achieving clean-up levels, and ability 
to meet ARARs." (SOW p. 15.) In consideration of UniFirst's position during 
negotiations that clean-up of the contaminated unconsolidated deposits should not 
be under taken at the Property until groundwater ceases to contaminate the 
overlying unconsolidated deposits, the SOW also calls for "a study that evaluates 
the^aptimum^ sequencing of groundwater and soil treatment at each Source Area 
property in order to optimize total contaminant removal, and to avoid 
recontaminat ing with contaminated groundwater or volat i l izat ion of 
contamination in the groundwater." (SOW p. 17.) (Emphasis added.) 

The unconventional manner in which SVE was nominated to replace soil
excavation and incineration without initial screening or feasibility considerat io
has resulted in confusion as to the nature of UniFirst's commitments under the
Consent Decree. Any under taking by UniFirst as to remedia t ion of the
unconsolidated deposits on the Property must be understood to be conditioned on 
two findings: (1) that SVE would be feasible and (2) that SVE would, at some later 
time, serve to protect groundwater. 

2.3.7 December 21,1990: Letter from EPC to EPA. 

In late 1990, in response to a request by Barbara Newman, Timothy Cosgrave of EPC 
forwarded to EPA the field and laboratory data supporting the position taken by 
UniFirst in the July 31, 1990 letter. 

2.3.8 April 1991: Explanation of Significant Differences. 

In April, 1991, more than half a year after negotiations were concluded, the EPA 
issued an Explanation of Significant Differences (ESD) _whirh identified the 
replacement of incineration nf contaminated unconsolidated deposits beneath the 
Property with in-situ volatilization (SVE) as a "significant change." The ESD 
explained that "[a] review of recently gathered data on the UniFirst property shows 
that the soil on the UniFirst property is, in part, being recontaminated by the 
upward migration of VOC vapors from the highly contaminated groundwater 
beneath the pavement of the UniFirst property. In-situ volatilization . . . can be 
applied at an appropriate point during groundwater remediation . . . ." (ESD pp. 3-4.) 
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(Emphasis added.) Thus, the language of the ESD reaffirms the reasoning presented 
on behalf of UniFirst during negotiations of the Consent Decree SOW to the effect 
that only__after groundwater concentrations were low enough so that the 
groundwater would no longpr rrmstifaitP a thrpat frn rpmntaminate the soil, i.e.. only 
when Feenstra's Number were to be achieved, might the time be appropriate to 
implement in-situ volatilization^ 

~̂XL— 

2.3.9 Summary of Decision Documents and Agreements. 

In sum, according to the ROD, the Consent Decree SOW, and the ESD, the 36.7 | ig /kg 
PCE soil clean-up level for contaminated unconsolidated deposits at the Property 
was adopted solely to protect groundwater. These documents confirm that the 
remedy of the contaminated unconsolidated deposits should be implemented at 
some time after the groundwater remedy had progressed sufficiently to avoid 
recontamination of the unconsolidated deposits. None of these documents contains 
any requirement to perform SVE if infeasible, nor do they set any other mandate for 

2.3.10 September 1991: Negotiations. 

At a September 17, 1991 meeting of technical representatives and counsel for EPA / 
and UniFirst, UniFirst and EPA recognized that the Consent Decree SOW dicLnot 
pjx>vide_a-me€hanisin for "Design" for RD/RA for the unconsolidated deposits 
beneath the Property. It was noted that Section VII.D of the Consent Decree SOW, 
which requires preparation of a Pre-Design Work Plan is, in effect, "preempted" by 
the 1988 Administrative Order on Consent (AQC) previously entered by the parties. 
(SOW p. 1.) Despite this discrepancy, and although UniFirst did not believe that the 
"appropriate time" to evaluate the feasibility and potential effectiveness of SVE for 
the soils at the Property had occurred, UjuHrst_nonetheless agreed at this meetingjo 
present remedial hypotheses for the unconsolidated deposits as a section of the 
October 22, 1991 Remedial Design Investigation Report for groundwater that was 
planned to be submitted under the AOC. 

2.3.11 October 22, 1991: Draft Remedial Design and Investigation Report and 
Final Design: Chapter 6, Appendix Q. 

As promised, UniFirst presented a conceptual model and remedial hypotheses for 
the unconsolidated deposits beneath the Property in the Draft Remedial Design 
Investigation Report (RDI Report) which was submitted on October 22, 1991. Chapter 
6 of that report concludes that "[t]he source of soil contamination and the nature of 
the unconsolidated deposits render soil vapor extraction inefficient, and, if. at all 
appropriate, limited to a strict sequencing of implementation." (RDI Report p. 6-10.) 
UniFirst reported in Section 6 that, based on then available information, two highly 
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experiencegL-^endnrs of SVF pgnipmpnt, Vapex and Terra Var. had infnrmpd 
UniFirst that if SVE were implemented, they would anticipate "a very short_^pj.rffj3f 
elevated vapor concentrations that would he fnllnwpH hy ^^trprnply low-level 
con£ejUrationstha^_would be sustained and governed by the r a t e o f diffusion of 
compounds from the dissolved state within bedrock fractures across the limited 
cross-sectional area defined by the intersection of the bedrock joints and fractures 
with the overlying unsaturated, unconsolidated deposits." (RDI Report, p. 6-10.) 

In this submission, UniFirst proposed to test a sequenced remedial approach that 
might actually be more aggressive than SVE and that might actually mitigate the 
phenomenon of contaminated groundwater recontaminating the unconsolidated 
deposits. Specifically, UniFirst proposed to use infiltration of water through the 
unconsolidated deposits until the 85 Jig/L steady state groundwater concentration 
calculated by Mr. Feenstra was achieved in groundwater. UniFirst proposed to pump 
treated water through porous pipe galleries__within the area in which_ 
unconsolidateH~deposits atfected b^concentrations over the action level had been 
encountered. It was antiopated--that7--a.sJnfiltration proceeded, "contaminants in the 
unconsolidated deposits would be flushed downward into the groundwater and 
dlffusiorT'ol: additional contaminants from the source and the contaminated 
groundwater would be prevented from diffusing upward." Questions about the 
then-unknown (but now confirmed,_see Section 2.2 above) ability of the UC22 
extraction well to capture all shallow, and thus all infiltrated water, led the EPA to 
ask for further assessment of this remedial alternative. 

2.3.12 February 1992: Engagement of Dr. McWhorter; November 13,1992: Pre-
Design Work Plan Remedial Design and Remedial Action for the 
Unconsolidated Deposits beneath the UniFirst Property (1992 Pre-Design 
Work Plan); Force Majeure Letter. 

In response to the EPA's and UniFirst's mutual concerns about the viability of 
infiltration for the Property, in February 1992, UniFirst retained Dr. David 
McWhorter, an expert on remediation of unconsolidated deposits, to work with Dr. 
Cherry to evaluate the potential applicability of both SVE and infiltration at the 
Property and to recommend an approach to respond to the EPA's and UniFirst's 
concerns. Drs. McWhorter and Cherry were asked to determine whether the 
36^7y.g/kg clean-up goal would be achievable by either infiltration or SVE. Dr. 
McWhorter's investigations included: a literature and file review; soil moisture 
content tests; hydraulic conductivity analyses; establishing the fraction of organic 
carbon ("foe"); testing of PCE concentrations by vapor probes; soil borings; test pits; 
and bedrock-surface observations in the bottom of test pits. He also compared 
methanol preservation to.the EPA's standard methodology for VOC analysis of 
unconsolidated deposit samples. Coincidentally, as described in section 3.3 below, 
shortly after Dr. McWhorter's field investigations were completed, an area of 
previously undetected contamination, consisting of waste oil containing PCE, 
petroleum products and polynucleararomatic hydrocarbons (PAH), was discovered 
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on August 31, 1992, during excavation to install the influent pipe and utility 
conduits from well UC22 to the groundwater treatment plant. This information was 
taken into account in Dr. McWhorter's conclusions. 

Dr. McWhorter presented his calculations and interpretations in the November 
1992 Pre-Design WorkJPlm (1992 Work Plan). Dr. McWhorter7! findings were: (1) 
the clean-up level for PCE of 36.7 (ig/kg, which was originally derived from a 
leaching model and assumed higher foe than actually measured foe, is too high, 
based solely on that original approach to the leaching calculation; (2) not even the 
36.7 Jig/kg clean-up goal is achievable or measurable; and (3) the presence of waste-
oil contamination containing PAH further complicates the situation because the 
presence of these compounds would impair the effectiveness of SVE, even if SVE 
were otherwise viable. (1992 Work Plan pp. 3-46 to 3-54, 5-1 to 5-4.) - -

In itsJSJoyj^mb£iiJL3 transmittal letter of the 1992 Work Plan, UniFirst notifiedJSPA 
(Jiat_aIforce majeure event had occurred_Referring to Dr. McWhorter's findings, and 
knowing that UniFirst could neither achieve the clean-up level nor even 
successfully measure that level, UniFirst's project coordinator, Mr. Jeffrey Lawson, 
advised the EPA that UniFirst "will be unable to perform remediation of the 
unconsolidated deposits on the Property according to technology set forth in the ESD 
and the Decree" due to "causes beyond the control of UniFirst". 

2.3.13 March 30,1993: U.S. EPA Letter to Mr. Lawson. 

lrAMAv^A\993yAs. Newman forwarded comments received by the FPA from Dr._ 
RyanJDuPont~concerning the 1992 Pre-Design Work Plan, at the samp Hmp nhjprHrig 
to__UniFirs~fs notice ~ot torce majeureTMsT Newman asserted that "it is clear to the 
reviewers of the above work plan, EPA, DEP, Ebasco, Pine & Swallow, and Dr. 
DuPont that it is certainly premature to claim that there are causes 'beyond your 
control ' which prevent your preceding with pre-design work for in-situ 
volatilization." (Dr. DuPont's and Pine & Swallow's comments were provided to 
UniFirst.) She further stated: "The agency feels that there is insufficient site data to 
indicate that SVE would not be effective in achieving the goals of the Consent 
Decree" and asked for the following additional studies: 

1. Source area characterization of the overburden to determine lateral and 
vertical extent, and concentrations of contamination including beneath 
the building; 

2. Dynamic tests such as field scale in-situ permeability test, and identification 
of the nature of vapor migration using multi-level probes; 

3. Based on information from 1 & 2 above, a Feasibility Study that looks at 
time vs. effectiveness issues for SVE. 
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2.3.14 April 14, 1993: UniFirst Letter Deferring Notice of Force Majeure and 
Dispute Resolution. 

Responding to Ms. Newman's letter by a letter dated April 14, 1994, UniFirst's 
attorney, Jeffrey C. Bates, advised the EPA's. attorney, Gretchen Muench, that "[i]n 
the spirit of cooperation that has characterized the working relations among the 
parties," UniFirst would defer to EPA's determination and would perform further 
investigations, hoping to achieve consensus. Accordingly, UniFirst did not, at this 
time, give notice to the EPA of the existence of a dispute. 

2.3.15 July 12,1993: U.S. EPA Letter to Mr. Lawson from Ms. Fitzsimmons. 

Following a technical team meeting on May 7, 1993, attended by Drs. Cherry and 
McWhorter and Mr. Feenstra, as well as a smaller follow-up meeting involving 
attorneys on June 30, the EPA acknowledged UniFirst's doubts as to the need for, 
and practicability of, the use of SVE to remediate the unconsolidated, deposits at its 
property. Ms. Paula, Fitzsimmons stated in her July 12, 1993 letter to Mr. Lawson: 
"EPA appreciates your concern regarding possible limitations of the technology and 
the uncertainty inherent in its ability to achieve the clean-up levels specified in the 
Record of Decision." Reiterating the three tasks that Barbara Newman had 
mentioned in her March letter, she stated: "If the results of the pilot are not 
promising, EPA remains willing to discuss thp prarHrahilii-y of c,\rp i i f h o Prnppri-y 
upon the completion of this additional pre-design work." 

2.3.16 October 28,1993: Letter to Mary Garren from Jeff Lawson. 

In response to Ms. Fitzsimmons letter, UniFirst agreed to under take further 
investigations. Specifically, UniFirst agreed to perform further studies tOLaddress Ms. 
Fitzsimmons' first concern, source-area characterization. UniFirst wanted to refine 
its, knowledge about the nature and extent of contamination in order to find a 
location at which it might make sense to perform the second requested item, a 
permeability test. Responding to Ms..Fitzsimmons' letter, Mr. Lawson outlined tasks 
that UniFirst would undertake "in the spirit of continued cooperation." He also 
presented a schedule for field work and for submitting reports. The letter described 
several tasks that UniFirst planned to perform (and has performed) to refine its 
understanding of the nature and extent of contamination in the unconsolidated 
deposits, and its effect, if any, on shallow ground water. These tasks include: 
excavation and inspection of test pits; soil borings; shallow well installations; 
analyses of physical and .chemical characteristics of unconsolidated deposits samples; 
and chemical analyses of groundwater. The letter also proposed that an in-situ 
permeability test would follow the completion and review of the excavation, boring, 
and well installation program. The test was to be located "based on the results of the 
source-area characterization so as to be representative of the type of setting in which 
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SVE might be focused." The letter set forth a schedule committing UniFirst to 
submit a full report on the source definition part of the project to the EPA in 
August , 1994. Having performed the source characterization investigations 
proposed in October 1993, UniFirst informed the EPA of the findings of the 
investigations by submitting interim reports on January 28, 1994, March 11, 1994, 
and June 13,1994 and this final report. 

2,3.17 March 17,1994: Letter from Ms. Garren to Mr. Lawson. 

By a letter dated March 1. 1994r Ms. Garren responded to UniFirst's interim data 
reports. Ms. Garren expressed uncertainty_as__to__the relevance of the interim data 
reports to theremedial design for the unconsolidated deposits on the Property. She 
also expressed concern that UniFirst's schedule would not permit performance of an 
SVE pilot test in 1994. 

2.3.18 April 29, 1994: Letter from Mr. Feenstra to Ms. Garren Regarding 
Evaluation of SVE—Clarification to EPA, UniFirst Property. 

By a letter dated April 29, 1994, Mr. Feenstra responded to Ms. Garren's letter on 
behalf of UniFirst. After reviewing the schedule according to which UniFirst had 
been proceeding since October with no comment from the FPA. he provided a 
revised "working conceptual model" based on the new data. He also explained the 
relevance of the data to the source-area characterization exercise in which UniFirst 
was engaged. ^ —

2.3.19 June 13, 1994: Meeting and Presentation by Mr. F
Stop Work Order. 

At a j u n e 13, 1994 meeting with EPA's technical representatives, as requested by_the 
FPAr Mr. Feenstra presented his conclusions. The conclusions are discussed in detail 
in Section 4. According to Mr. Feenstra, based on the various site investigations 
UniFirst has performed in the unconsolidated deposits, there is no location at which 
it would be appropriate to perform either a pneumatic permeability test or a pilot 
test. 

At the Tune 13 meeting. Ms. Garren hand-delivered to Mr. Lawson a letter which 
directed UniFirst "to cease all field work at the site associated with the investigation 
of the unconsolidated deposits." The letter ordered UniFirst to continue 
monitoring groundwater as usual and to submit, within fourteen days, "a workplan 
proposing dynamic tests, such as field-scale in-situ permeability tests," and within 
thirty days of completion of the permeability test, "a workplan detailing a feasibility 
study, namely a pilot test, that examines the time versus effectiveness for 
remediation of the unconsolidated deposits using SVE." 
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2.3.20 Dispute Resolution. 

_On June 21. 1994- counsel and project managers for UniFirst and the EPA met to 
discuss the status of the remedial design for the unconsolidated deposits on the 
Property. On June 27, 1994, Mr. Lawson submitted on UniFirsf s behalf, a work plan 
for the pneumatic permeability test and, at the same time, revived UniFirst's notice 
of the existence of force majeure conditions. j3y a June 27. 1994 letter to the EEA-'s 
attorney Gretchen Muench, Mr. Bates invoked the Hisputp rpsobxtkin provisions of 
Section XX oT the Consent Decree, stating that UniFirst disputed "the lawfulness, 
timing, appropriateness, necessity and reasonableness of assertions and directives 
contained in the June 13,1994 letter." 

Authorized by attorney Muench to communicate directly, Ms. Fitzsimmons and 
Deirdre Menoyo, UniFirsf s assistant counsel, negotiated a resolution to the dispute, 
which was memorialized in a July 21, 1994 letter from Ms. Menoyo to Ms. 
Fitzsimmons. The resolution provided that, in lieu of further compliance with the 
EPA's June 13, 1994 directives, UniFirst would submit this report to FPA on or about 
August 31, 1994. It was agreed that the report would include: a comprehensive 
presentation and interpretation of all the data concerning the unconsolidated 
deposits beneath the~T^pe r ty tha t UniFirst had previously presented in interim 
reports; an explanation andJustification of the conclusions concerning the need for, 
and the viability of, implementing SVE on the Property; a summary of UniFirst's 
interpretation of the references in the relevant decision documents to soil 
remediation; and a proposal to address any significant risks posed by contaminants 
remaining in the unconsolidated deposits beneath the Property, including an 
evaluation of the potential for infiltration of potassium permanganate as an 
alternative to SVE. Ms. Menoyo noted that, as to the infiltration technology, 
UniFirst 's consultants had nol concluded one way or the other whether the 
potassium permanganate infiltration technology may be potentially useful at the 
Property, but that, in any ever/t, UniFirst hoped to be able to propose-remediation of. 
Soil concentrations of PrF___to,liD.mg/kg. based on the rationale provided by the EPA's 
proposed corrective actioii_ml£, as a conservative cleanup level meant to protect 
endpoints other than groundwater. 

This report is submitted in satisfaction of UniFirst's undertakings as conveyed by 
Ms. Menoyo. 
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3.0 Unconsolidated-Deposits Investigations 

Since unconsolidated-deposits contamination was first detected in 1985, 
numerous investigations have been focused on the subsurface beneath the 
Property. These investigations have been conducted in a series of logical steps 
to: locate and define areas of contamination within the unconsolidated 
deposits; continually refine the conceptual model for the Property; provide 
data necessary for the Property-specific consideration of the feasibility of 
successful remediation; and respond to specific requests by the EPA. The 
following discussion summarizes the nature and basic findings of all the 
unconsolidated-deposits investigations that have taken place to date, all of 
which have been included in earlier submittals, along with all the raw data. 
Tjhe_purpose oftJ-efollowing discussion is to provide the context necessary to 
"understand the purposes and significance of each investigation undertaken at 
"the Property,~and to darify_the_jgArcdutixm-oJLtli^^ model tor the 
Property described in Section 4.0. 

3.1 Overview and Data Summaries 

The locations of all subsurface investigations and monitoring installations at 
the Property are shown in Figure 3-1. The Property is approximately, four 
acres, and investigations have been conducted across the entire Property. The 
most intensive investigations have been_conducted on the east end of the 
Property in an area that is only about 150 feet square (0.4 acres) where the only 
indications of significant contamination have been found. In addition to 
those moni to r ing installations that were instal led as pa r t of the 
unconsolidated-deposits investigations, monitoring wells installed in the 
underlying bedrock across the Property, in support of the groundwater 
investigation and remediation activities at the Site, have also contributed to 
the development of the conceptual model (RDI/FD Report, October 22, 1991). 

The unconsolidated-deposits investigations undertaken at the Property have 
included: geologic logging and sampling of 32 soil borings; excavation of a 
total of 13_ test pits; and installation of 14 drive-point soil-vapor probes, 3 
large-diameter (4-inch i.d.) and 5 small-diameter (1-inch i.d.) vapor^ 
monitoring wells, and 21 groundwater monitoring wells. Analyses of samples 
collected during the unconsolidated-deposits investigations have included: 
chemical analysis _of over 140 unconsolidated-deposits samples; physical-
jgropertiesjcharacterization of approximately 60 samples; separate analysis of 
23 u n c o n s o l i d a t e d - d p p n s i r s samplps and h ih iminnns - rnnr rp l -p pavpmpnl-
samples^_for petroleum-hydrocarbon chararteriyaHrm of I-HP asphalt- hinHpr; 
and chemical analysis-of apprnvimai-ply ^0 <;ni1-vapnr gamplps Table 3-1 is a 
sampling inventory that summarizes all the samples collected at the Property 
and the chemical and physical properties for which they were analyzed. 
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Two methods have been used to analyze for VOC in the unconsolidated 
deposits dur ing the on-Property investigations. Originally, samples were 
collected using the EPA's standard sampling method, in which samples are 
transferred directly into standard, 40-ml vials with Teflon septa. In 1989, 
UniFirst adopted a modified sampling protocol, in which the samples are 
collected into 500-ml sample jars containing methanol in the field to 
minimize volatile losses and increase the extraction of organic compounds. 
Since 1989, the majority of the samples collected for VOC analysis for 
characterization of the nature and extent of contamination have been field: 
preserved in methanol, although some standard samples were also collected 
i n l 9 9 2 and 1993 for purposes of method comparison. Comparison of the 
results for the methanol-preserved samples to those collected by the standard 
protocol confirmed that a significantly greater recovery of volatile 
contaminants^was_ achieved for the methanol-preserved samples (Pre-Design 
Work Plan, 1992, section 3.3). Therefore, samples collected by the methanol 
method are deemed to be more representative of actual field conditions. 

Results of laboratory VOC analyses for selected chlorinated organic 
compounds are summarized for all samples of unconsolidated deposits 
collected on the Property by the methanol-preserved method in Table 3-2, and 
by the standard (non-preserved) method in Table 3-3. Results for analyses for 
semi^yolatile-oj^ank: compounds (SVOC) and polychlorinated biphenyl 
(PCB)/pesticide analyses are not summarized in table format, but are 
discussed in the text for those tew instances where these substances were 
founds Table 3-4 summarizes t h e ' results ot the physical analyses ot 
unconsol ida ted-depos i t s samples including bulk densi ty , grain-size 
distribution, moisture content and hydraulic conductivity. Results of soil-gas 
analyses are summarized in Table 3-5. Copies of all test-pit field logs, as well 
as schematics indicating the location of samples for chemical analysis 
collected from test pits TPC through TPH and TPJ through TPM, are included 
in Appendix A. Boring logs for the Property are provided in Appendix B. 

3.2 Chronology of Investigative Phases 

The basic chronology of the unconsolidated-deposits investigations conducted 
on the Property is presented in Table 3-6, and a brief discussion of each 
invest igat ion is p rovided below. A more detai led account of the 
methodologies, results, and conclusions for each of the investigations 
summarized below can be found in the reports indicated in Table 3-6. 

For the purpose of discussion, the unconsolidated-deposits investigations 
undertaken at the Property can be divided into five major chronological 
"phases", each of which is characterized by a major investigative focus or 
response to a specific investigative goal or a directive from the EPA. 
Significant overlap exists, however, regarding the utility of data generated 
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during each phase to the questions addressed in others. The re-evaluation 
and refinement of the conceptual model for the Property is the main 
objective of every phase, undertaken every time new data are generated for 
the Property. The major phasesof invest! ga t ionat jhe Property are: 

• 1983-1987 Initial investigations by the EPA and UniFirst to locate 
potential sources of contamination in suppor t of the 
Remedial Investigations and Feasibility Study (i.e., prior 
to the ROD and Decree) for the Wells G&H Site. 

• 1989-1990 Field investigations to enable UniFirst to evaluate and 
comment on the EPA's Proposed Remedy for the Wells 
G&H Site (pre-ROD), and model ing invest igat ions 
r ega rd ing the potent ia l - for r e c o n t a m i n a t i o n of 
unconsolidated deposits dur ing negotiat ions of the 

• 1992 Field studies to assess the feasibility of achieving cleanup 
of contaminated unconsolidated deposits or protection of 
groundwater by SVE or infiltration. 

• 1992-1993 Discovery and inves t iga t ion of the was te -o i l -
con tamina t ion area d u r i n g t r e n c h i n g for the 
Groundwater Remedial Action. 

• 1993-1994 Final site-characterization work and assessment of the 
feasibility of SVE in response to requests by EPA. 

3.3 Description of Unconsolidated-Deposits Investigations

3.3.1 Initial Investigations by the EPA and UniFirst, 1983-1987 

Investigations of the unconsolidated deposits beneath the Property were 
initially undertaken by both the EPA and UniFirst in an effort to identify 
potential sources of groundwater contamination that was detected during the 
Remedial Investigation (RI) (ERT, 1984; NUS, 1986) and Supplemental 
Remedial Investigation and Feasibility Study (Ebasco, 1988) for the Wells 
G&H Site. Field-screening and analysis of unconsolidated-deposits ("soil") 
samples collected during installation 'of monitoring wells IUS1, IUS2 and 
IUS3 (immediately north and west of the Property), and S70, S71, UC4 
through UC7 and UC15 through UC20 (on the Property), during the period 
1983 through 1987, indicated the presence of low levels_of_contamination by 
volatile organic compounds in the upper few feet of unconsolidated deposits 
on the east half of the Property (UC4. UC5, UC7, and UCI7). No_ 
unconsolidated-deposits contamination was detected on the west half of the 
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Property. VOC analyses of samples collected from borings on the Property 
indicated that the principal unconsolidated-deposits contaminant detected 
was tetrachloroethene (PCE), with a low level of 1,1,1-trichloroethane (TCA) 
reported in the upper 2 feet of boring UC5. 

Once EPA's broad investigations during the RI had indicated the presence of 
PCE on the Property (NUS, 1986), further investigations were focused on the 
most likely locations of potential releases of PCE. In December 1986, a test pit 
TlPl) was excavated adjacenftcrthefill pipe from the former PCE storage tank 
in an area outside the current loading dock where some scarring of the 
surface pavement had been noted. A solvent-like odor was noticed upon 
breaching of the pavement, but it quickly dissipated (Cherry et a l , 1989; EPC, 
March, 1991). Analysis of soil gas collected from two pipes driven horizontally 
in the walls of the test pit did not detect any contamination. (Feb. 1987 letter to 
G. Ruta of EPA). 

jDNAPL was encountered, however, in 1987, in the shallow fractured bedrock 
beneath the_^roperty after installation of monitoring-Jty-ell UC8 in 1987 inside 
the UniFirst loading dock (ERT, 1988). UC8 was drilled close to the reported 
former location of a dry well, which_was constructed in the base of the loading 
"pit" that existed at the east end of the building from the mid-1960's to the late 
1970's. It was hypothesized at the time that any PCE that may have been 
released in the loading-dock area, by spills during PCE transfer to the storage 
tank, might have run downslope along the surface of the pavement toward
the dry well and thence into the underlying unconsolidated deposits and
bedrock. The free-phase DNAPL that accumulated in the well, following
construction oTllJCg was removetTTTsIng a bailer. Initial analysis of the
DNAPL sample indicated the presence of PCE with minor amounts of bis(2-
ethylhexyDphthalate and napthalene (ERT, 1988). In addit ion to these
compounds, subsequent analysis of the DNAPL also indicated the presence of
petroleum hydrocarbons (January 1994 interim report). 

Wells UC16 through UC20 were installed around the east end of the UniFirst
building in the fall of 1987 to determine the extent of the DNAPL migration 
and accumulation in the shallow bedrock around UC8 (ERT, 1988). No 
additional free-phase DNAPL was encountered in any of the wells, and the 
unconsolidated-deposits contamination encountered was relatively modest, 
with the highest PCE concentration reported of 290 n g / k g in the 
unconsolidated deposits at UC17 (Ebasco, 1988). 

In April 1989, the Massachusetts Department of Public Health (DPH) released 
its draft report on its review of health and safety issues related to the Wells 
G&H Site. In response to concerns about possible migration of vapors from 
the groundwater through the soil and into the basements of nearby homes, 
two surveys of indoor-air quality were conducted simultaneously: one by 
EPA; and a companion study by UniFirst and Grace Corporations. Indoor-air 

Page 3-4 

REDACTED



quality measurements were made by UniFirst and Grace inside the UniFirst 
and Grace buildings, as well as by UniFirst, Grace, and the EPA in nearby 
homes. UniFirst's survey also included outdoor air samples in addition to 
those indoor locations collected simultaneously with the EPA. UniFirst also 
provided long-term sampling results (ENSR, July and August, 1989 letters to 
Mary Kay Voytilla). 

The levels of PCE, TCE, and 1,1,1-TCA detected in these studies were all near 
the median values obtained for these compounds in an EPA study of typical 
indoor-ai r qual i ty in areas not impacted by soil or g roundwate r 
contamination. One home southeast of the UniFirst Property 

exhibited TCA levels slightly higher than those encountered in the 
other two homes, but within the maximum levels determined in EPA's 
background indoor-air quality survey. Air quality results at that location were 
attributed to the presence of containers of paints, paint thinners, and other 
chemical products stored in the basement. 

UniFirst engaged Dr. Rudolph Jaeger and Dr. Warner North to perform a risk 
assessment for exposures within its building. Their findings of no risk were 
provided to EPA under a cover letter from Mr. Bates (UniFirst's counsel) to 
Mr. Conway (EPA) dated July 24,1989. 

3.3.2 Pre-ROD Response to the EPA's Preferred Alternative and Pre-
Consent Decree Investigations to Evaluate the Potent ial for 
Groundwater to Cause Recontamination of the Unconsolidated 
Deposits. 

To evaluate the utility of the EPA's initially-proposed remedy for the 
unconsolidated deposits on the Property (excavation and incineration) 
UniFirst performed studies in 1989 and 1990 to refine further the conceptual 
model for contamination of the unconsolidated deposi ts beneath the 
Property. Low_Jeve1s ofPCE^contamination were found in the unconsolidated 
deposits outside the immediate area of the loading dock (UC7 and UC17)1 

There had been no expectation that releases had occurred outside the 
immediate area of the loading dock, based on the known Property history, nor 
had indications of a significant DNAPL source in the unconsolidated deposits 
been found there. Consequently, further consideration as to the possible 
source oLthat contamination was necessary. 

Two facts prompted evaluation of an hypothesis that volatilization from 
contaminated groundwater was the source of contamination detected in the 
unsaturated zone at UC7 and UC17. Both DNAPL and high levels of 
dissolved PCE contamination in groundwater had been encountered in the 
shallow bedrock beneath the east end of the Property. Also, the water table in 
this area is located at a relatively shallow depth, less than 10 feet below 
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ground surface. Therefore, the hypothesis was advanced that, in the absence 
of evidence of any significant surface release of solvents on the Property, and 
given the very high dissolved concentrations in groundwater, the underlying 
contaminated groundwater could act as the main source of contamination to 
the overlying unconsolidated deposits by partitioning of the contamination to 
the soil gas and upward migration of the VOC vapors. 

This hypothesis-of upward migration of VOC vapors held considerable 
significance for the proposed remedy. That is, removal of contamination 
from the unconsolidated-deposits in the unsaturated zone would not abate a 
source of contamination to groundwater, because DNAPL in the groundwater 
zone itself, rather than the unsaturated, unconsolidated deposits, constituted 
the main source of contamination. Furthermore, under the scenario 
presented by this hypothesis, excavation and replacement of the 
contaminated unconsolidated deposits on the east end of the Property would 
not constitute a successful, permanent remedy as long as groundwater 
contamination persisted, since upward migration of VOC vapors would 
continue, resulting in recontamination of the unsaturated zone, possibly at 
lower levels, but still in excess of cleanup requirements. Consequently, 
UniFirst under took hn test the hypothesis nf up-ward migraHrvp—Q£. 
£ontaminants from the groundwater to the overlying unsaturated zone.

Borings and Vapor Probes 

In 1989, two shallow vapor borings (VB4 and VB5) wefe drilled in the area/of
test pit TP1, which had been excavated and backfilled just 2 years earlier, to
test the current concentrations of VOC in this area. In addition, three borings 
(VB1, VB2 and VB3) were drilled and instrumented with vapor probes 
adjacent to wells UC5, UC17, and UC7, respectively, to test whether soil-gas 
concentrations at depth might result in upward vapor migration sufficient to 
contaminate the overlying unsaturated zone (Cherry et al., 1989; EPC, July 
1990). During the sampling of these borings in 1989, UniFirst commenced the 
practice of field-preserving samples in methanol to improve the recovery and 
extraction of any VOC present. 

Analysis of samples from borings VB4 and VB5 in the immediate vicinity of 
the backfilled TP1 confirmed PCE concentrations at 6,500 ng/kg and 23,000 
ng/kg of PCE, respectively, in the upper two feet of unconsolidated deposits. 
(The borings could not be augered to depths greater than about 3 to 4 feet 
because of the presence of large boulders in that location; TP1 exposed a large, 
approximately 4-feet diameter boulder.) Analyses of samples from these two 
borings also indicated the presence of 1,1,1-trichloroethane (TCA) at 200 ng/kg 
to 3,000 ng/kg. 
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Analysis of samples from borings VB1 and VB2, which were advanced to 
refusal at 3.3 feet and 5.3 feet, respectively, also confirmed the presence of PCE 
contamination in the upper few feet of unconsolidated deposits (as indicated 
earlier by the UC5 and UC17 borings) at levels up to 2,500 ng /kg . However, at 
location VB3 to the southwest, which was advanced to refusal (13 feet) one 
foot below the water table, PCE contamination was encountered, not in the 
shallowest deposits , but at depths below 4.5 feet depth. The highest 
concentration encountered was for a sample taken right at the water table, 
consistent with the predominant chemical gradient being upward. In addition 
to PCE, low levels of TCE were also reported from the boring samples from 
locations VB2 and VB3. 

To test further the hypothesis of upward VOC migration, a vapor probe was 
installed in each of borings VB1, VB2, and VB3. The probes consisted of a 
length of 4-inch PVC blank pipe which was grouted in place and extended to a 
depth just above refusal for VB1 and VB2 (3.3 feet and 5 feet respectively), and 
just above the water table (10 feet) for VB3. Therefore, soil-gas vapors could 
enter the pipes only from the portion of the unconsolidated deposits at depth 
adjacent to the open bottom of the pipe and not the overlying, shallower, 
unconsolidated deposits. Vapor samples were collected from each of these 
vapor wells one week after installation. The measured PCE vapor 
concentrations within the pipes were 34 parts per million by volume (ppmv), 
22 ppmv and 6 ppmv at VB1, VB2, and VB3 respectively, indicating that a 
significant source of contaminant vapors existed at depth at each location. 

Results from_these studies, particularly in the location of VB3 and UC7, 
supported the hypothesis that upward jnigration_of VOC vapors could be_ 
occurring from underlying, VOC-contaminated groundwater. At the east end 
of the Property, where bedrock is located at a shallow depth and the water 
table is generally below bedrock surface, results indicated that significant 
vapor levels existed near the base of the unconsolidated deposits. 

Numerical Modeling 

The field results obtained from the 1989 borings and vapor probes were 
augmented by numerical modeling using Property-specific parameters 
(Feenstra, 1989) to determine whether the process of upward migration of 
vapors from the contaminated groundwater was capable of contaminating (or 
recontaminating) overlying unconsolidated deposits to significant levels. 

JlhiS-jnodeling demonstrated that the process of vapor diffusions-originating--. 
froin_partitioning from groundwater contaminated by 1,500 n g / L of PCE, 
could contaminate overlyj^g_uncoiisjQlidatpd...de.posits to levels in excess of 
the cleanup target_of_36_7 ng/kg in_se.veral years or lesj^ 

Page 3-7 



Additional interpretation of the modeling results was conducted in July, 1990 
(Feenstra, 1990) in support of discussions about appropriate sequencing of the 
groundwater and unconsolidated-deposits remedial technologies. The 
purpose of the second study was to determine to what level the PCE 
concentrations in groundwater beneath the Site would need to decline, due to 
the g roundwate r remediation system, to ensure that the_ overlying 
u n s a t u r a t e d , unconso l ida ted depos i t s w o u l d no t be subject to 
recontamination above the cleanup targets following implementation of an 
unconsolidated-dejiogjAs^feriiedy^ This study yielded a groundwater target 
concentration q f 8 5 ng/LJoJ£nsure that the unconsolidated deposits would 
not be contaminated aboveffre cleanup level of 36.7 n g / k g for PCE. 

The following observations informed the conceptual model put forward by 
UniFirst's consultants in 1989 and 1990, which called for sequencing of 
remedial actions at the Property: no indications of DNAPL had been found 
within the unconsolidated deposits beneath the Property that would act as a 
significant source of contamination to groundwater; DNAPL, as found in 
UC8, was known to exist within the bedrock beneath the water table and was 
associated with high dissolved PCE concentrations in groundwater; and 
evidence from on-Property invest igations that recontamina t ion of 
remediated unconsolidated-deposits, due to upward migration of vapors 
from shallow, contaminated groundwater , was a plausible mechanism 
worthy of consideration in remedial design. 

3.3.3 Investigations to Address the Feasibility of Achieving Cleanup 
with SVE or Infiltration. 

On October 22, 1991, UniFirst and Grace submitted the Draft Remedial Design 
Investigation Report and Final Design (RDI Report) for the Northeast 
QuacfTant ofthe Wells G&H Site to the EPA JhaJ-repO-CLprincipallv addressed 

Jhg_ proposed design of the groundwater remedy for beneath the northeast 
quadrant of the Wells G&H Site, including the UniFirst and Grace Source-
Area Properties. As discussed in Section 2.3, however, at the request of the 
FPA^j^secHon dealing with remedial hypotheses for _the unconsolidated 
deposits beneath the UniFirst Property was also included in the report (RDI 
Report, Section 6.0). This section described: the then current conceptual 
model for contamination beneath the UniFirst Property; the pertinent parts of 
that conceptual model with relation to sequencing of groundwater and 
unconsolidated-deposits remediation as recognized in the Explanation of 
Significant Differences (ESD); and possible remedial alternatives for dealing 
with the unconsolidated deposits and dewatered bedrock. 

In discussion of the unconsolidated deposits beneath the Property at that 
time, UniFirst submitted that the prognosis for effective remediation of the 
Property by SVE was "very poorTancTthat, furthermore, application of SVE or 
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other unconsolidated-deposits remedies prior to cleanup of the underlying 
groundwater, would be inefficient, based on geological conditions at the 
Property and consideration of the potential for recontamination as indicated 
by field demonstrations and the conceptual model. In consideration of the 
most appropriate sequencing of the unconsolidated deposits and groundwater 
remedies, an alternative "phased" remediation strategy was proposed for 
consideration, in which infiltration of clean water from the treatment plant 
effluent would be applied to the unconsolidated deposits via porous pipes to 
mitigate the effects on the unconsolidated deposits of upward migration of 
vapors from groundwater while the groundwater remedy was being 
implemented . Infiltration could be cont inued unt i l a t t a inment of 
contaminant levels of less than 85 ng/L PCE in the groundwater, and could 
then, be followed by SVE in any remaining "hot spot" areas, should it be 
feasible and warranted based on a continuing threat to groundwater 
contamination. 

Tn respnnsp hQ-JJie-EgA^-rTTTTrrrm^^ fhp-prr>pfts^d-4^mpdia1 strategies,. 
UniFirst undertook, in 1992. further studies to evaluate the feasibility of not 
only mitigating upward migration of vapors from the groundwater , as 
propose^Jriih£_i£paiitrJ3uJLoLachieving a cleanup goal pf_36.7 ng /kg PCE by 

jgither Tn filtration^ or soil-vapor extraction. To conduct this evaluation, field 
investigations were performed that included soil borings, excavation of test 
pits, and installation of soil-vapor probes, to collect physical- and chemical-
analysis samples to provide realistic. Property-specific numbers for 
calculations, and to refine further the nature and extent of contamination and 
the conceptual model for the Property. These investigations were reported in 
the Pre-Design Work Plan for the Unconsolidated Deposits beneath the 
UniFirst Property, submitted to EPA on November 13, 1992 (Pre-Design Work 
Plan, 1992). 

Test-Pits A and B—May, 1992 

In May 1992, two test pits (TPA and TPB) were excavated in front of the 
UniFirst building to examine, in a larger scale and by a method that 
eliminated problems of sample recovery from borings, the physical nature of 
the unconsolidated deposits and their contact with the underlying bedrock. 
The test pits were excavated in the area where it had been proposed 
previously that an area of porous pavement might be placed as part of the 
infiltration system (RDI Report 1991, Figure 6.3-1). Samples of unconsolidated 
deposits were collected from these test pits for physical analyses to provide 
measured parameter values for use in calculations to evaluate the proposed 
remedial options for the Property. Of particular interest was the collection of 
samples for permeameter analysis to provide an indication of how the 
permeability of the unsaturated-zone deposits beneath the Property might 
affect the performance of either an infiltration system or a SVE remedy. 
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Excavation of these test pits confirmed in large scale (vis a vis borings) the 
geologic section consisting of, from top to bottom: bi tuminous concrete 
pavement; artificial fill; till (naturally occurring); and bedrock. Both the till 
and artificial fill consisted of poorly sorted mixtures of sand, gravel, and silt 
with significant spatial variability in grain-size distribution and moisture 
contents. Visual inspection of the variability of texture of deposits in the test 
pits suggested that significant spatial variability in permeability to air or water 
movement would be expected. Samples for permeameter analysis could be 
collected only in areas where the coring device could be successfully driven 
into the finer-grained matrix of the cobbly/bouldery till, and a sample 
extracted that was sufficiently cohesive to yield representative in-situ bulk-
density measurements. This is a typical problem sampling till. The matrix of 
the till, however, not the boulders, determines the permeability of the till. 
Permeabilities determined from permeameter analysis of samples collected 
'witli t h e c o n n g "devices yielded a range of values-of. hydraulic conductivi t ie
from 2 x IO-5 c m / s t o i x l O - 4 cm/s.

' 

In TPA, close examination of the bedrock surface indicated a fairly sharp 
contact of the overlying till with a relatively smooth, but undulating (several 
feet of relief) pink, slightly weathered, granodiorite bedrocksurface. The small 
depressions on the bedrock surface often had finesilt or clay surface coatings 
at the base of the till and local closure on the depressions were such that small 
volumes (1 to 2 liters) of water could pool within them when poured into the 
test pit; the test pit itself was dry, indicating that the water table, at that time, 
was located below the top of bedrock. The TPA bedrock surface, in contrast to 
the jughly fractured and slightly weathered gabbrodiorite top of bedrock 
reported for UC8, led to interest in closer examination of the bedrock contact 
in the more immediate area of UC8 and the loading dock, where it was 
thought that PCE might have entered the subsurface, as discussed below. If 
the bedrock surface was more like that at TPA in the vicinity of UC8, it would 
suggest that small volumes of DNAPL might have accumulated on the 
bedrock surface in the close vicinity of the release area. 

Soil-Vapor Probes —May, 1992 

In May 1992. iri addition to excavation of TPA and TPB, nine soil-vapory 
probes (SV1—SV9) werejnstalled at the Property to assist in defining better 
the extent of contamination in the unsaturated zone, to compare results to 
those obtained in the 1989 recontamination studies, and to locate previously 
undetected zones of DNAPL in the unconsolidated deposits that would act as 
a vapor source. The probes were installed at three locations: inside the 
loading dock, around the easTend of the UmHrsTBuilding; ajid_on tTJe~wesj_ 
half^of the Property in a directimwTvughly hydrauligally downgradient of the 
loading dock aregu 
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The probes indicated much decreased concentrations of PCE in the soil gas, 
0.002 to 4.2 ppmv relative to the results obtained from the 1989 vapor 
recontamination experiments. This difference may be due to the fact that 
these probes were sampled immediately and the probes in 1989 were allowed 
to equilibrate for one week before sampling. Concentrations, although low, 
were highest in the vicinity of the northeast corner of the Property and_ 
extendjTigjojhe southwesTinjthe_general direction of groundimteiLflmAL (see 
Figure 3-2). AlthougTT the absolute concentration results were much lower 
than expected, the general pattern of concentrations was consistent with a 
contaminant source on the east end of the Property. The correspondence of 
the center of an elongated vapor plume with the downgradient directiqn_oF 
groundwater flow was consistent with the theory of upward migra t ionof 
vapors from shallow, contaminated groundwater. 

Soil Borings—June, 1992 

To investigate further the nature and extent of contamination beneath the 
Property, seven borings were advanced and sampled during June 1992. Five 
borings (B2, B3, B4, B6 and B7) were located around the east end of the 
building where contamination had previously been reported, and two borings 
(BI and B5) were located further west adjacent to soil-vapor probes installed 
in May. Samples from these borings were collected for VOC analysis by both 
the standard and methanol-preserved methods, both to provide a comparison 
of the methodologies, and to allow comparison to earlier sample results that 
had been collected using the standard method. The methanol-preserved 
samples consistently showed higher recoveries than the standard sampling 
method, support ing the enhanced representativeness, and therefore the 
preference for using methanol-preserved sample results in interpretations 
whenever available. 

garnples-frr>rn *-hp.jrnmediate vicinity of the east end of^the UniFirst building 
jjgdubited highly variable PCE concentrations ranging from nnn-dpt-pri- fo a_ 
high of 59,000 ng/kg; jAJiereas^Isamples to the s o u t n a n d south w^gt exhibited 
contaminant levels which were all bekny 600 pgykg.- at least two orders of 
magnitude lower than the maximum of the unconsolidated deposits from 
the vicinity of the current loading dock. In addition to PCE, some of the 
samples from the area south of the current loading dock (B4 and B7) indicated 
the presence of TCA, consistent with the earlier detection of that compound 
in nearby borings VB4, VB5 and UC5. 

Near the east end of the building, the highest concentrations were detected in 
the shallow unconsolidated deposits, within 2.5 feet beneath the surface 
pavement, although immediately south of the loading dock in the vicinity of 
earlier TP1, VB4 and VB5, deeper samples could not be obtained due to 
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shallow auger refusal on boulders. The sample results in the vicinity of the 
current loading dock exhibited a very highdegree_of spatial TariaMlity m 
tflstribufinn of~contaminatioh both l^£mll£kad-J^zef5eallyL_Qyer three orders-
of-magnitude diffeig_n.ee in concentrations was obtained fox-shallow samples 

THatwere separated by only-aJew feet (B4 and B6). Boring B5 to the southwest 
showed contamination levels that were seven times higher (580 ng /kg) at 
depth (4.5 to 6.5 feet) than the shallow sample. By contrast, BI, the furthest 
boring to the southwest showed the highest concentration in the shallower 
sample (330 ng/kg) , although the difference in concentrations was less than a 
factor of three. 

Whereas no obvious indications of significant DNAPL contamination were 
seen in these samples, or earlier samples from the close vicinity, the 
occurrence of the high value in the shallow unconsolidated deposits at B4 
suggested that some residual was likely present at that location. Based on 
equilibrium calculations, a soil concentration of 60,000 n g / k g PCE has been 
proposed for the Property as a concentration above which~lFis~Iikelv some  
immiscible phase is present in the sample (Pre-Design Work Plan, 1992, p. 3-
56). The absence of high concentrations only a few feet away from B4, at
location B6, however, suggests that the residual has very limited lateral
extent.  

The results of the soil-vapor survey and borings confirmed that: the highest 
contamination levels beneath the Property were limited to the east end of the 
Property and that the contamination was principally PCE, with some TCA 
also present in the area to the south of the current loading dock. To the 
southwest of the loading dock area, contajniriap^ mnrenfraHnns were 
moderately low and the patterns were generally consistent with the 
hypothesis of upward mign[fin_n_ ot contamination from the shallow 
groundwater. 

In the vicinity of the east end of the building, however, the conceptual model 
required some refinement. Whereas^_previous s t u d i e s h a d found^no 

JndicaJiiarL_of DNAPL contamination wTthlrTThe unconsolidated deposits 
Jhemselves. results suggested that, in the__vicinity of the south end of the 
loading dock, very small, discontinuous areas of DNAPLjgsidual existed Ih 
THe""shallow unconsolidated dgpe^itg beneath the pavement. Outside of these 
small areas of suspected "blebs^of^6sidual, it was thought that the somewhat 
higher concentrations aTshallow depths below the pavement might be the 
result of preferential vapor transport and accumulation in more permeable 
artificial fill deposits immediately beneath the pavement. 
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Test Pi ts C, D, and E—July-August, 1992 

Following the results obtained from the borings and soil-gas work, additional 
investigations were undertaken on the east end of the Property to refine 
further the conceptual model for contaminant distribution. Test_pits were 
used, as opposed to soil borings, due to: the high degree of heterogeneity of 
both the contaminant concentrations and the texture of the unconsolidated 
deposits; poor sample recovery obtained by split-spoon sampling; the 
necessity to collect undisturbed samples for bulk-density and permeameter 
analyses; a desire to make the best effort to find any DNAPL accumulations in 
the unconsolidated deposits: the n e e d t o examine, characterize, and sample 

jSIfictly the unconsolidated deposits at the bedrock contact; and the need to 
examine in appropriate scale the variable bedrock surface. Use of test pits 
provided: a much better indication of the spatial variability of deposits both 
vertically and laterally; the opportunity to screen a large area with an organic 
vapor analyzer for indications of significant contamination; and optimization 
of sidewall sampling locations based on visual evidence and field screening. 

Consistent with the applicable work plans and regulatory requirements, any 
manifestly contaminated unconsolidated deposits were segregated from the 
test-pit spoil, staged on plastic sheeting until a roll-off container was broughT 

"To the site tor tinaTstorage, sampled and analyzed, and disposed of off-
Froperty consistent wiffTThe applicable regulations. Any volume deficit 
during backfilling was made up with clean bank-run gravel supplied from a 
sand and gravel quarry. 

Test pits C, D and E were excavated in locations on three different sides of the 
east end of the UniFirst building within distances of only approximately 10 to 
35 feet from UC8. Test pit D was located within about 25 feet of boring location 
B4. In particular, these test pits were excavated to examine and sample the 
unconsolidated deposits very close to the bedrock contact. If DNAPL had been 
released in the vicinity of UC8, as hypothesized, and bedrock conditions were 
like those exhibited in TPA, there was a potential that DNAPL reaching the 
bedrock surface may have migrated a short distance laterally along the 
bedrock surface until its volume was exhausted by occupying the available 
soil-pore volume within the till-filled, closed depressions on the bedrock 
surface. Therefore, the contact was examined closely, field screened, and 
sampled, in each case to look jor any evidence__of_yeiy higtuxpncentrations or 
other indications of residual DNAPjL 

In all three of trwjtest piVs^^tne Upper surface of the bedrock (mostly 
gabbrodiorite) was/HrTtike""TPA, highly fractured and, in many places, highly 
weathered rlasfs of bedrock existed near the top of the bedrock contact that 
were separated by sand infilling. These observations are consistent with the 
highly fractured and slightly weathered gabbrodiorite cored in the boring for 
UC8. The bedrock exposed in Test Pits C, D, and E was predominantly 
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greenish dark-gray/brown gabbrodiorite layered with less prevalent pink 
^fe granodiorite. Field screening gave no indication of significant contamination 

or likely DNAPL near thebegrock"7contact, or at shallower depths, anci 
analysis of samples collected from these three^tesF pits yielded concentrations 
ranging from non-detect to a high of 810 n g / k g PCE. Concentrations in TPD 
exhibited a weak trend of increasing concentrations with depth; whereas, TPC 
and TPE did not exhibit a consistent trend with depth. All three test pits 
exhibited a high degree of spatial variability of texture of the unconsolidated 
deposits consistent with earlier observations. Variations in contaminant 
concentrations may have been more closely related to spatial variations in 
characteristics, such as soil moisture, which were not correlated to depth. 

The nature_ofthe bedrock contactjn the vicinity of UC8 and the loading dock 
suggestedThat any DNAPL reaching the bedrock surface in that area would 
£ ^ i l y have entered into the highly fractured bedrock, and would be unlikely" 

re migrated any significant distance laterally on the bedrock surface. The 
absenceoj^jajTj/_Jnjlicatimi-U3i-J^ or reslcuTal near~th:e— 
bedrock~contact within aj>hort distance of the suspected release area was 
consistent with this hypothesis. With the exception of a sample collected 
from boring B4, no indication of DNAPL residual was found within the 
unconsolidated deposits in the vicinity of the east end of the building, and 
sample analyses indicated that unconsolidated-deposits contamination was 
generally low to moderate (less than 2000 ng /kg PCE). A high degree of spatial 
variability of soil texture and contaminant concentrations was characteristic 
of all investigations. Visible changes in the grain-size distribution and 
moisture content of the unconsolidated deposits were on the order of a few 
inches, and lateral continuity of zones of distinct texture was rarely as much 
as a few feet, suggesting that significant lateral transport of a DNAPL along 
confining lenses following a release was highly unlikely. 

I n s t a l l a t i o n of A d d i t i o n a l Water -Leve l M o n i t o r i n g Wells 
—September, 1992 

Ii]^eptem.b£-r_1992, nine unconsolidated-depositswells were installed at 5 
locations (UCMJC10, UC19, UC24, UC25) to augment the existing water-level 
monitoring network on the Property (Pre-Design Work Plan, 1992). These 
wells were installed to improve the density of hydraulic data points within 
the unconsolidated deposits to support clear interpretation of the influence of 
pumping UC22 for the groundwater remedy on groundwater in the 
unconsolidated deposits. The groundwater j £ j n p r | y had mmmpnrpH with-
startup of pumping from wjICD^2-€m-Septegib£r 30, 1992. Monitoring of 
water levels on and in the vicinity of the Property have indicated that the 
contaminated groundwater within the unconsolidated deposits beneath the 
Property is within the zone of capture of well UC22. Details regarding the 
hydraulics and capture of groundwater as they relate the unconsolidated 
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deposits will be dealt with in the second annual report for the operation of 
the groundwater remediation system, which is due for submittal to the EPA 
in November, 1994. 

3.3.4 Discovery and Investigation of Waste-Oil-Contamination Area 

Excavation of Treatment Plant Influent Trench—August 31, 1992 

On_August 31jJ\992^ pursuant to the Remedial Action Work Plan for Ground 
Water, a_trench was excavatedfrom well UC22 to the groundwater treatment 
room in the northeast corneroTthe UniFirst building for emplacement of the 
discharge line (i.e., influent to the treatment plant) and electrical conduits 
from UC22 to the treatment plant. As the trench was excavated, debris and 
contaminated soil were exhumed that included: used framing lumber; 
reinforced concrete slabs; a patch of black charcoal-like material intermingled 
with disaggregated fire bricks; and a volume of discolored, odorous, 
unconsolidated deposits. The debris and contaminated soil were first 
encountered about 50 feet west of well UC22. The discolored unconsolidated 
cieposits_occurred approximately 30 feet farther west along the trench adjacent 
to the edge of the pavement, and occurred as a roughly lens-shaped 
accumulation of distinctly bright medium-grey, slightly plastic, silty, coarse to 
fine sand (Pre-Design Work Plan, 1992). 

A solvent-like odor and strong response on the field-screening instrument 
were noted upon the excavation of the area of the bright-grey material and 
associated contaminated gravel and sand (collectively referred to as the 
"waste-oil contamination"). These materials were excavated and removed 
from the trench to a sufficient degree to reduce breathing-zone concentrations 
to safe levels for workers. The location of the trench and extent of additional 
excavation in the vicinity of the grey material are shown in Figure 3-3. 

Three samples of the contaminated grey material (SS1SA, SS1SMA, SS1SMB) 
were collected from the excavated spoil and analyzed for a variety of 
parameters . Analyses of these samples indicated contaminat ion to be 
pjgdominantly petroleum jxjmjjojmds with significant amounts of PCE 
(130,000 to 460,000__jig/kg), and__more minor a m o u n t s bis(2-
ethylhexyDphthalate, pesticides and PCB. As discussed further below, 
additional analyses were performed on these samples to determine, more 
fully, their chemical character, and to investigate the likelihood that the PCE 
contamination detected in these samples was related to the DNAPL sampled 
from UC8. 

Based on research concerning use of the Property prior to UniFirst 's 
ownersh ip , examining historical aerial pho tographs , and reviewing 
Massachusetts Highway Department files, it was determined that much of the 
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construction debris encountered in the trench excavation was left over from 
_large-scale roadway construction ( improvements to the Route 128-
Washington Street interchange) immediately adjacent to the Property in 1961 
and 1962. Based on evidence of surface-soil staining detected in a 1964 aerial 
photograph, which depicted a clear superposition of this staining with the 
location of the waste-oil contamination (see Figure 2-2),^ it was hypothesized 
that the , origin of the waste-oil contamination was some kind of surface 
release that had orrnrrerT ahrmi- the time of the Route 128 road work. Thus, 
the immediate area of the excavated grey material and the area of the surface 
staining noted in the 1964 photograph became the focus of further 
investigations, as discussed below. 

Soil-Vapor Survey and Excavation of Test P i t s F&G—September, 1992 

Due to the suspicion that the low soil-gas survey results in May 1992 could 
have been unrepresentative of site conditions and the discovery of the waste-
oil contamination during trenching, an additional soil-gas survey was 
conducted in September 1992. Although the waste-oil contamination (which 
was not known of in May) was located less than 30-feet away from soil vapor 
probe SV2, no indication of a nearby vapor source zone was evident from the 
vapor-survey results. To understand better the influence of this zone on the 
soil-gas conditions, four additional vapor probes (SV10-SV13) were first 
installed immediately adjacent to the area where the waste-oil contamination 
had been encountered in the trench, and in the location where two additional 
test pits were to be excavated. A Property-wide soil-gas survey was then 
conducted including the new soil-gas probes as well as previously-installed 
probes including vapor probes VB2 and VB3. 

Concentrations of PCE in the soil gas from the new probes, whLch-h.a.d_b.e.en 
placed essentially within a known area j3f_sjgnificant contamination, the 
waste-oil contamination, were quite high (75 to 435 p p m v ) ^ Vapor 
concentrations, however, dropped off by about 2 orders of magnitude within a 
distance—oULQ-feet to VB-2̂  Examination of the Property-wide soil-vapor 
concentrations showed higher concentrations than reported for the May 1992 
round , bu t the pat tern of soil contaminat ion was similar. Vapor 
concentrations in excess of 50 ppmv were limited to the probes within the 
waste-oil contamination area. The remaining results exhibited a trend of 
decreasing concentrations to the southwest as shown in Figure 3-4. 

JTwo.-test„pits (TPF and TPG) were excavated immediately adjacent to the 
backfilled area of the trench where the waste-oil cont^mrnatrarrhad belm" 
discovered to look for additional signs of contamination and provide 
additional samples for chemical characterization. No large continuous areas 

_of_ DNAPL contamination, as identifiable by appearance, odor, or field 
screening, were found in either test pit, but two very small lenses 
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(approximately 1 foot by 0.5 ft in size in size) j)f_grey medium to coarse sand 
were identified in the two test pits. The small lens of grey sand in TPF 
exhibited obvious contamination as indicated both by odor and field 
screening. These two small lenses were selectively sampled (samples TPF1A 
and TPG1A) and additional unconsolidated-deposits samples were collected 
along vertical profiles from each end of both test pits. 

Both methanol-preserved and standard samples were collected for VOC 
analyses for all samples for comparison, and samples were also collected for 
SVOC analyses from the two lenses of grey sand.. Concentrations of PCE in 
excess of 60,000 ng /kg , which are indicative of residual DNAPL^jivjejrejonLy 
Indicated in two ^samples (TPF1A and TPG7A) in the immediate area~ofwhere 
J h e waste-oil contamination had been discovered. Concentrations in the 
Temaining^ samples ranged from non-detect to 47,00*0 n g / k g PCE (Figures 3-5 
and 3-6). For samples TPF1A and TPG1A, higher concentrations (35,000,000 
n g / k g and 14,000 ng /kg) were obtained for the s tandard , rather than 
methanol-preserved samples. This is believed to reflect the effect of spatial 
variability in the presence of residual in pore spaces on sampling and 
analysis. Hypothetically, by analyzing a 5-gram subsample collected by the 
standard method, which actually happens to contain a residual DNAPL film, 
a higher concentration may result than by extracting the entire sample in 
methanol which, in effect, averages any residual DNAPL liquid present over 
the entire 250-gram soil sample. For all other samples, the methanol-
preserved method resulted in greater contaminant recovery. The PCE 
concentrations summarized in Figures 3-5 and 3-6 represent the results for 
the methanol-preserved samples, but the results for the standard samples for 
TPFIA and TPGIA are also shown since they were higher than the methanol 
result in those two cases. 

Initial analyses of TPFIA and TPGIA for semi-volatile organics indicated the 
presence of bis(2-ethylhexyl)phthalate. Subsequently, a subset of samples from 
these test pits along with the waste-oil contamination sample SS1SA were re
analyzed for semi-volatile compounds, pesticides and PCB. JQetertable^ 
concentrations of bis(2-£thylhexyl)phthalate were reported for 7 samples, and 
detectable PCB concentrations were reported for 5 samples. 

The waste-oil contamination area, although not large, was the first evidence 
of an area on the Property that might have represented a release area for a 
significant amount of PCE and constituted a source of contamination to the 
unconsolidated deposits. This discovery necessitated re-examination of the 
conceptual model for the Property. The presence of the waste-oil 
contamination area led to further questions about the possibility that the 
release area for the DNAPL detected previously in UC8 was actually within 
the waste-oil contamination area and a result of the release that caused the 
waste-oil contamination, instead of previously-hypothesized releases into the 
dry well that was located in the old loading pit near UC8. The dry well had 
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been tentatively identified as the most likely point of entry of DNAPL to the 
bedrock absent any indications of surface releases Outside the loading dock. 
Discovery of an apparent surface release area in the northeast corner of the 
Property resulted in a reassessment of the conceptual model for contaminant 
distribution. 

Test P i t H, Surface Sample T.PI, and Pe t ro leum-Hydrocarbon 
Characterization Study: July 1993—January 1994. 

A comparison of the results of the chemical analyses of samples from the 
waste-oil contamination area to an earlier analysis of a sample of DNAPL 
recovered from UC8 indicated a marked chemical similarity between the 
samples from the two locations. Therefore, a program was undertaken in the 
summer of 1993 to determine whether the contamination in the waste^oil 
contamination area was more likely the source of the DNAPL encountered in 

TJC8~fathgF~than previously-hypothesized rele'ases into the old dry well. The 
program consisted of test-pit excavation and sampling, and an analytical 

~ program that included a detailed characterization of the petroleum-
hydrocarbon fractions of unconsolidated deposits, samples of bituminous-

"gnncrete pavemenTrand an a-frRTved sample of the UC8~DFsrAPLL (January and 
larch 1994 Interim Data Reports). The purpose of the program was to 

determine: if any evidence existed for a surface release of DNAPL in the 
immediate vicinity of UC8, as had been initially hypothesized; if a chemical 
similarity existed between the UC8 DNAPL and samples from the waste-oil 
con tamina t ion area, based on character iza t ion of the pe t ro leum 
hydrocarbons; and if the character of the asphalt from the bituminous-
concrete pavement in the area of the former loading dock was such that the 
presence of petroleum compounds detected in the UC8 DNAPL could have 
been derived from percolating through it or across it and into the dry well. 

Tpsf_pif H (TPH) was excavated within the loading dock immediately adjacent 
to UC8 to observe and sample, with greater clarity than provided in UC8, the -

janconsolidated deposits in the vicinity of the dry well between the current 
loading dock floor and the pavement of the former loading pit, and 
immediately under this pavement. The second purpose of the test pit was to 
allow collection—of a sample of the now~Buried bituminous-concrete 
pavement layer. To investigate the possibility that a surface release may have 
occurred in the vicinity of the PCE-tank fill pipe and may have migrated to 
UC8, a sample of the current surface pavement layer was also collected at 
location TPI in front of the current loading dock. The TPI sample was 
collected from one of the remaining scars in the pavement, similar to that at 
location Test Pit 1 (TPI). An unconsol idated-deposi ts sample from 
immediately beneath the pavement at location TPI was also submitted for 
VOA analysis. 
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Field screening of TPH and laboratory analyses of unconsolidated-deposits 
samples collected from the artificial fill between the current loading-dock 
floor and the former loading-pit pavement, and from immediately below this 
pavement , p rov ided no indication of DNAPL res idual wi th in the 
unconsolidated deposits, which would indicate an unsaturated-zone release 

.. ~at the former loading dock. The test pit was excavated to a total depth of 5.5 
feet, just below the approximate depth of the seasonal high for the water table. 
Contamination by PCE was indicated, but at low to modera te levels 
(approximately 270 n g / k g to 3400 ng/kg) and exhibited a general trend of 
increasing concentration with depth, consistent with a source of this 
contamination within the shallow groundwater zone. 

A comparison of the results of the petroleum-hydrocarbon-characterization 
("fingerprinting") analyses for unconsolidated-deposits samples from the 
waste-oil contamination and the UC8 DNAPL indicated that they had the 
same chemical signature. Furthermore, a comparison of these results to the 
analysis of the pavement samples from TPH and location TPI indicated that 
the asphaltic fraction of the hydrocarbons in the unconsolidated deposits in 
the waste-oil-contamination area, and the UC8 DNAPL sample were not 
derived from_Jeaching through the gn-Property pavement (January 1994 
Interim Data Report). 

AHocafjon TPTr the sample of the artificialJill-A-Qm-immediately beneath the 
pavement layer yielded a PCE concentration (120,000 ng /kg ) indicative of 
residual DNAPL.JThe fact that DNAPL had not been detected based on visual 
staining, odor, or field screening, and no similar concentrations were detected 
in TPD approximately 10 feet away, suggests that the amount of residual 
present was probably quite small with little lateral extent. The vertical extent 
of this contamination was subsequently investigated further, as discussed 
below, by means of excavation and sampling Test Pit M. 

In addition to the PCE detected in the TPI samples, it is significant j h a t TCA 
was also detected_at an appreciable concentration-48§00-ng/kg). The presence 
of TCA in this sample was consistent with the finding of TCA in other 
samples from the area immediately south of the current loading dock, as 
discussed earlier. TCA was not detected, however , in any of the 
unconsolidated deposits from other parts of the Property including the waste-
oil contamination area and TPH. Re-analysis of the UC8 DNAPL sample 
indicated that TCA was present only in minute quantities. Thus, whereas the 
UC8-DNAPL and waste-oil contamination snowed matching_xhprnical 
signatures7~the chemical signature_of PCJE-associated with T C A i s unique Jo_ 
the area in front of the current loading dock. 

The findings from these investigations following discovery of the waste-oil 
contamination area, taken together with the information already generated, 
provided for a logical revision of the conceptual model for contamination at 
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the Property from that originally proposed. The absence of an indication of 
any surface release in the unconsolidated deposits adjacent to UC8, the 
presence of a known release area of the same chemical character in the waste1" 
oilcontamination area, and the absence of a similarity of chemical signature 
to_contaminated samples south of the current loading dock provided strong 
indication that the source of the DNAPL within the fractured bedrock at UC8 
was the material released in the waste-oil contamination area. The indiraHon 
of_smaU, discontinuous occurrences of DNAPL residual in the area 

" immedia te ly SOUth of the current loading dork, wihh a disfinrfrive s ignahi re of 
TCA associated with PCE contamination, suggested that a separate release 
occurred in that location. 

3.3.5 Additional Site Characterization and Assessment of Prognosis for 
SVE 

Following the unanticipated discovery of the waste-oil contamination area in 
August , 1992, and its correspondence to a location of surface staining 
appearing on a 1964 aerial photograph, an extensive review of all available 
historical aerial photographs was undertaken to determine if any other areas 
of potential surface releases might be present on the Property. No other areas 
were identified, and excavation of a continuous trench along the entire 
length of the north and west Property boundaries, for installation of the 
discharge lines from the treatment plant to the municipal sewer, failed to 
encounter any additional zones of contamination. 

In 1993, as important refinements to the conceptual model for source areas 
and the nature of contamination at the Property discussed above were 
emerging in l ight of the findings of the pe t ro leum-hydrocarbon-
characterization study and the excavation of TPH, UniFirst presented these 
findings in meetings with the EPA. At that time UniFirst re-asserted its 
opinion that it was not practicable to achieve the specified remediation of the 
contaminated uKconsolidate"d~5eposits beneath the Property using soil-vapor 
j^ctraction. in responseTto requests from the EPA to develop more detailed 
Property-specific information, UniFirst undertook additional studies in late 
1993 and in the spring of 1994 to develop the necessary informatiorPtoJ 
support its opinions further and satisfy the EPAlS-i£jqu£Sts__(March a n d j u n e 
1994 Interim Data Reports), 

These add i t iona l invest igat ions focused on: refining further the
understanding of the nature and extent of contamination on the Property;
providing more Property-specific data on characteristics such as permeability
bulk density and moisture content; and attempting to locate an area on the
Property where it would be useful to undertake a pneumatic permeability test
and subsequently a pilot-scale SVE test. 
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Borings and Test Pits J, K, and L—December 1993 

To investigate further the potential extent of contamination within the 
waste-oil contamination area, two borings (UC27 and UC28) were augered and 
three test pits (TPJ, TPK, and TPL) were excavated within the portion of the 
stained area appearing on the 1964 photograph that had not already been 
investigated, excavated during the treatment plant construction, or excavated 
during construction of the^loading dock east of building B or the retaining 
wall. The three test pits 'were located between the identified waste-oil-
contamination area and UC8, including one location (TPL) inside the loading 
dock. All three test pits were excavated to the top of bedrock. One of the 
purposes of these test-pits was to determine whether there was any evidence 
suggesting that the DNAPL detected in the waste-oil-contamination area had 
migrated laterally within the unconsolidated deposits, or on top of the 
bedrock surface towards the location of UC8. That is, the excavations were 
designed to determine whether it was reasonable to infer that residual 
DNAPL that might represent an appropriate "target" for SVE existed within a 
more-or-less continuous zone between the waste-oil contamination area and 
UC8. 

No obvious signs of DNAPL contamination-based-on. field-screening, odon^ 
or visual evidence were encountered in any of the test pits. VOC analysis of 
samples from the three test pits also confirmed very low levels of PCE 
contamination, ranging from non-detect to 170 ng /kg . PCE was reported at 
below the detection limit for boring UC28. The only elevated PCE 
concentration reported for these investigations was from a sample at 3.5 to 4.0 
feet depth in boring UC27, immediately adjacent to the area of waste-oil 
contamination previously excavated from the influent-line trench from 
UC22. A sample near the top of bedrock at this location (10 to 11 feet depth) 
exhibited a concentration of only 620 ng/kg-

Geologic logging of the test pits demonstrated the same extreme spatial 
variability in the character of the unconsolidated deposits as seen in previous 
explorations beneath the Property. Vertical and lateral sequences of samples 
were collected for physical analyses including permeameter analyses, 
moisture content, grain-size distribution and specific gravity (grain density). 
The significance of the results of these analyses to the prognosis for soil-vapor 
extraction is discussed in Section 5.0. 

The results of these borings and test pits provided no evidence of lateral 
transport of DNAPL within the unconsolidated deposits or along the top of 
the bedrock surface toward UC8, and no cont inuous zone of soil 
contaminat ion extending from the previously excavated waste-oil-
contamination area was identified. The only significant contaminant levels 
were obtained from an area immediately adjacent to the original influent 
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trench excavation where it is likely that some small areas of contaminated 
material, such as seen in test pits F and G, still exist. Therefore, consistent 
with the expectations based on the- lack of laterally continuous confining 
layers in the unconsolidated deposits, and the fractured nature of the upper 
bedrock in the area, Jhe conceptual model was refined to reflect the opinion 
that the DNAPL had penetrated into the fractuEecUaedxock in the immediate 
area beneath the waste-oil contamination area and had migrated to the 
location of UC8 within the highly fractured bedrock. 

I n s t a l l a t i o n and Sampling of Groundwater Mon i to r i ng Wells 
—December 1993 to February 1994 

Eight groundwater monitoring wells were installed at four locations (UC26, 
UC29, UC30, and UC31) in the unconsolidated deposits in December, 1993 to 
augment the existing network of monitoring wells that would allow for 
monitoring of water levels and water-quality sampling. Split-spoon samples 
collected during the borings for these installation were field screened for the 
presence of volatile organic compounds and none were indicated. 

One purpose for installation of these wells was to permit better control on 
mapping the extent of the shallow, groundwater-contaminant plume beneath 
the Proper ty . By determining the extent of sha l low g roundwa te r 
contamination on the Property, potential areas that might be acting as a 
source of that contamination could be identified. This rationale was used to 
allow selection of the most logical places beneath the UniFirst building to 
advance borings in search of any indications of DNAPL sources in the 
unsaturated deposits underlying the building, as discussed below. Sampling 
of the newly-installed wells was conducted in January and February of 1994 
(March 1994 Interim Data Report). 

Analysis of_th£_groundwater_samples from the shallow, unconsolidated-
Hepositswells indicated" a southwest-trending contaminant plume. The PCE 
concentrations obtained from the 1994 groundwater—sampling generally 
decreased from a high of 1000 ng/L in well UC25 southwestward across the 

""Property to a low of 2" ng/L in well UC31S (Figure 3-7). The shallow plume 
results are consistent with a source of contamination in the bedrock in the 
vicinity of the east end of the UniFirst building/loading dock areas. No other 
areas of contamination acting as a source to groundwater were suggested by 
these results. 

Beneath the Building Borings —March-April, 1994. 

Results from excavation of December 1993 test pits TPK and TPL provided no 
indication of contamination extending beneath the UniFirst building from 
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the waste-oil contamination area. Furthermore, the pattern of contamination 
exhibited in shallow groundwater, including a level of 1000 n g / L in UC25, 
suggested a hydraulically upgradient source of PCE contamination consistent 
with the area on the east end of the Property containing DNAPL within the 
fractured bedrock at a shallow depth below the water table. To test the 
conceptual model further, however, additional borings were drilled beneath-
the UniFirst building to lookjbr any evidence of unsaturated zone DNAPL 
sources that might be contributing to groundwater contamination. Therefore, 
in March and April, 1994, five borings (UC32JiiimigJlJJC36) were advanced 
beneath the building upgradient of the shallow plume of groundwater 
concentrations mapped within the unconsolidated deposits, between the east 
end of the UniFirst building and UC25. 

These borings were continuously sampled by driving a split spoon ahead of 
the casing. All split-spoon samples were field-screened by headspace analysis 
using an OVM. In addition, 17 samples were selected, based on field screening 
results or proximity to the bedrock contact and submitted for laboratory 
analysis for VOC. Samples collected from the borings were also submitted for 
moisture-content and grain-size-distribution analyses to expand the database 
of Property-specific physical parameters to locations beneath the building. 
Following completion of the borings, narrow-diameter monitoring wells (1-
inch i.d.) were installed within the borings for possible use as vapor 
monitoring points or ground-water monitoring wells, depending on the level 
of the water table, should they be required at a later date. 

FCE concejitialiQns obtained from these laboratory analyses ranged from non^ 
_detect to 8.900 ng/kg- No samples—were obtained from these borings that. 
based 0n_fiejd s r rppning of fhespli t -spOOh samp le s nr l abora to ry analysis,. 
provided indication of the presence of DNAPL beneath the building. 
Furthermore, the highest concentrations of PCE in the borings were obtained 
from locations UC34 and UC35, which are located along a line between UC25 
and UC8 where high groundwater concentrations of PCE are expected to exist. 

Excavation of Test Pi t M—April, 1994 

Having failed to find a substantial zone of DNAPL contamination remaining 
in the waste-oil-contamination area, and having failed to find indications of 
DNAPL residual or accumulations beneath the UniFirst building, further 
investigation was conducted in the area to the south of the current loading 
dock. In April 1994, a test pit was excavated in the location of the TPI sample, 
which had indicated the presence of a small amount of DNAPL residual, to 
determine if that contamination persisted with depth or over any significant 
lateral area that might be amenable to SVE. 
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Following removal of the surface pavement ovpr frhe test- pifrJ a small stained 
~area_ot~soil was_identifie.cL_Samp1ing and laboratory .analysis of the material 
j?x£avated from this shallow zone (sample TPM1 A) yielded a concentration of 
2,500,000 ng /kg . Other samples from the test pit ranged in PCE concentration 
from approximately 88 ng /kg to 320,000 ng /kg , with the samples exhibiting 
concentrations in excess of 60,000 ng /kg being limited to the upper 8 inches 
be!ow~the pavement The compound TCA was also detected in two of the 
samples. Three samples were also collected for physical analysis (moisture 
content, permeameter analysis, bulk-density measurements, and grain-size 
distribution) from locations coincident with chemical analysis samples 
TPM2A, TPM3A, and TPM4A. 

_The_results o f j h e samples from TPM are consistent with earlier findings 
from the area mTront of the loading dock. Small amounts of residual DNAPL 
appear to be present within the small area immediately in front of the current 
loading dock, particularly in the shallow unconsolidated deposits beneath the 
pavement, but distribution of the contamination is very discontinuous and 
likely represents an extremely small volume of immiscible liquid. 

3.4 Summary of Investigations 

As described in the foregoing sections, an extensive series of investigations 
has been undertaken beneath the Property since contamination was first 
detected in the unconsolidated deposits in 1985. Initial studies focused on the 
vicinity of the loading dock on the east end of the Property and the reported 
location of a dry well associated with a loading dock that was part of an earlier 
configuration of the UniFirst building. Based on the known history of the 
Property, these areas had been identified as the most reasonable areas to look 
for evidence of possible surface releases that may have resulted in the noted 
unconsolidated-deposi ts contamination. However , while modera te soil 
contamination was encountered around the easLend-oi—thjeJbuilding. no 

_Jndications__of accumulations of residual DNAPL in the unconsolidated 
deposits was identified. 

The lack of indications of surface release areas, the finding of free-phase 
DNAPL in the shallow bedrock at the location of UC8, and the existence of 
high levels of dissolved PCE in the shallow groundwater beneath the 
Property led to formulation of a new hypothesis: that the main source of VOC 
c^ontaioinatioh to the unconsolidated deposits was the upward migration of 

contaminant vapors which partition from the contaminated groundwater 
underlying the Property. This conceptual model was supported by both on-
Proper ty testing and numerical model ing. Dur ing the on-Property 
investigations, UniFirst commenced the practice of methanol-preservation of 
unconsolidated-deposits to improve the recovery of VOC and, therefore, the 
representativeness of sample results. 
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Results of the numerical modeling study.,-dernonstrated that^ontaminatiqn_of 
shallow groundwater in excess of 85 ng /L PCE could result in upward 
migrationof^yapors that could contaminate the unconsolidated deposits to 
tKespecified deanup target within a period of a few years or less. This led to 
subsequent discussions between UniFirst and EPA regarding the concept of 
the appropriateness of sequencing of remedial actions for groundwater and 
the unconsolidated deposits beneath the Property and a "phased" remedy was 
proposed in the October 22,1991 RDI Report. 

Further phases of investigation within the unconsolidated deposits were 
undertaken, beginning in 1992, in response both to concerns expressed by the 
EPA, and to UniFirst's desire to expand further its conceptual model for 
contamination beneath the Property and address more fully questions of 
feasibility of remediation. These investigations incorporated a number of 
investigative techniques, but reflected an increased reliance on the use of test 
pits since t h e y p r o v i d e d a means superior to borings or non-invasive 

" techruques for identifying per t inent characterist ics and collecting 
jgpresen ta t ive samples.^Results of the investigations undertaken between 

1992 and 1994 provided extensive and consistent evidence that the 
unconsolidated deposits beneath the Property are characterized by a high 
degree of spatial heterogeneity in texture, moisture content, and associated

J F ^ p i r t l e ^ ^ h as permeability.

Discovery of an area of debris and contamination during trenching in the 
northeast corner of the Property, and detection of some very high levels of 
PCE contamination at the south end of the current loading dock, resulted in 
the recognition that some residual DNAPL did occur in the unconsolidated 
.deposits. Two small, separate and chemically-distinct release areas were 
identified: jhe waste-oil contamination area and the area south of the loading 
dock. Furthermore, chemical fingerprinting methods revealed that the 
DNAPL encountered in UC8 was derived from the waste-oil contamination 
area. Characterization of conditions near the bedrock (gabbrodiorite) surface
revealed that in the vicinity of the east end of the Property where the release
areas were located, the bedrock surface was irregular, slightly to highly
weathered, and highly fractured. No evidence of significant migration or
accumulation along the top of the bedrock surface was found. An extensioa_QL
the investigations to the interior of the loading-dock area and beneath the

JJniFi rs t bui lding found no indications of addit ional areas containing

'.DNAPLT

Both physical and chemical characterization of the unconsolidated deposits 
was undertaken for the purpose of providing the data necessary to assess the 
prognosis for remedial activities, specifically SVE and infiltration. As 
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discussed in Section 5.0, these studies confirmed that a considerable degree of 
spatial variability of both physical properties and contaminant distribution 
existed that were deemed to be problematic for remediation. 
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TABLE 3-1 
UNIFIRST PROPERTY 

UNCONSOLIDATED DEPOSITS 
SAMPLING INVENTORY 

Location Sample 

I.D. 

SOIL BORINGS 

VB1 

VB2 

VB3 

VB4 

VB5 

BI 

62 

B3 

B4 

B5 

VB1-1 
VB1-2 

VB2-1 
VB2-2 

VB2-3 

VB3-1 

VB3-2 

VB3-3 

VB3-4 

VB3-5 

VB3-6 

VB4-1M 
VB4-1 

VB4-2M 

VB4-2 

VB5-1M 

VB5-1 
VB5-2M 
VB5-2 

B1SAA 

B1MAA 

B1SBA 

B1MBA 

B2SAA 

B2MAA 

B2SBA 

B2MBA 

B3SAA 

B3MAA 

B3SBA 

B3MBA 

B4SAA 
B4MAA 

B5SAA 

B5MAA 

Depth 

(feet) 

0.25-2.25 

2.25-3.25 

0.25-2.25 

2.25-4.25 

4.25-5.25 

0.25-2.25 

2.25-4.25 

4.25-6 
8-10 

10-12 

12-13 
0.5-2 
0.5-2 

2-3.75 

2-3.75 

0.5-2 

0.5-2 

2-3 

2-3 
.05-2.5 

.05-2.5 

43-6.5 

43-6.5 

.05-2.5 

.05-2.5 

3.0-4.5 

3.0-1.5 

.05-2.5 

.05-2.5 

23-1.5 

23-1.5 

.05-2.5 

.05-2.5 

.05-2.5 

.05-2.5 

Date of 

Collection 

Feb-23-89 

Feb-23-89 

Feb-23-89 

Feb-23-89 

Feb-23-89 

Feb-23-89 

Feb-23-89 

Feb-23-89 

Feb-23-89 

Feb-23-89 

Feb-23-89 

Mar-02-89 
Mar-02-89 

Mar-02-89 
Mar-02-89 

Mar-02-89 

Mar-02-89 

Mar-02-89 

Mar-02-89 

Jun-18-92 

Jun-18-92 

Jun-18-92 

Jun-18-92 

Jun-18-92 

Jun-18-92 

Jun-18-92 

Jun-18-92 

Jun-18-92 

Jun-18-92 

Jun-18-92 

Jun-18-92 

Jun-18-92 

Jun-18-92 

Jun-19-92 

Jun-19-92 

Chemical Analyses 
Standard 

VOC» 

« 
* 
# 
# 
# 
# 
« 
# 
* 
• 
# 

# 

# 

# 

tt 

MeOH-Pres. 

VOC** 

• 
« 
• 
« 
« 
• 
« 
* 
* 
« 
« 
« 

* 

• 

« 

• 

• 

• 

« 

« 

* 

• 

• 

Semi-

VOA 

PCB/ 
Pesticide 

Pe tHC 

Fprint 
Soil Vapor 

VOA 

VOA by 
Field GC 

Physical Analyses 

% Organic 

Caibon 

Specific 

Gravity 
Grain-Size Fall ing-Head 

Permeameter 
Bulk 

Density 

Moisture 

Content 

• no methanol preservation 
** samples preserved in the field in methanol 
# sample submitted to laboratory but not analyzed 
I Geld GC analysis of headspace over a groundwater sample 
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TABLE 3-1 

UNIFIRST PROPERTY 

UNCONSOLIDATED DEPOSITS 

SAMPLING INVENTORY 

Location 

B6 

B7 

S7I 

UC4 

UC5 

UC6 

va 

UC15 

UC16 

UC17 

UC18 

UC19 

UC20 

UC27 

UC28 

UC29 

UC30 

Sample 

I.D. 

B5SBA 

B5MBA 

B6SAA 

B6MAA 

B7SAA 

B7MAA 

B7SBA 

B7MBA 

SS-2 

SS-3 

UC4-SS-1 

UC5-SS-1 

UC5-SS-2 

UC6-SS-1 
UC6-SS-2 

UC6-SS-3 
UC6-SS-4 

UC7-SS-1A 

UC7-SS-2 

UC7-SS-3 

C273A 

C276A 

C281A 

C284A 

29D1A 

29D3A 

29D5A 

29D5B 

C301A 

C303A 

C305A 

Depth 

(feet) 

4.5-6.5 

4.5-6.5 

.05-2.5 

.05-2.5 

.05-2.5 

.05-2.5 

25-3.7 

2.5-3.7 

10-12 

15-17 

0-2 

0-2 

4-6 

0-2 
2-4 

4-6 

18-20 

2-4 

4-6 
6-6.5 

5-10 

2-5 

2-5 

2-10 

3-6 

3-6 

4-6 

10-12 

0-2 

6-8 

0-2 

2-4 

8-10 

8-10 

0-2 

4-6 

8-10 

Date of 

Collection 

Jun-19-92 

Jun-19-92 

Jun-19-92 

Jun-19-92 

Jun-19-92 

Jun-19-92 

Jun-19-92 

Jun-19-92 

Feb-01-85 

Feb-01-85 
Nov,'86 

Nov, '86 

Nov. '86 

Nov. '86 

Nov. '86 
Nov. '86 

Nov.'86 

Nov.'Se 

Nov. '86 
Nov. ^6 

Sept'87 
Sept,'87 

Oct'87 

Oct'87 

Oct'87 

Oct'87 

Dec-03-93 

Dec-03-93 

Dec06-93 

Dec-06-93 

Dec-07-93 

Dec-07-93 

Dec-07-93 

Dec-07-93 

Dec-08-93 

Dec-08-93 

Dec-08-93 

Chemical Analyses | 

Standard 

VOC* 

* 

• 

• 

« 

MeOH-Prcs. 

VOC** 

• 

• 

• 

• 

Semi-
VOA 

* 

« 
• 
« 
« 

PCB/ 

Pesticide 

* 

« 
« 
• 
• 

PetHC 

Fprint 
Soil Vapor 

VOA 

VOA by 
Field GC 

• 
« 

Physical Analyses 

lo Organic 

Carbon 

Specific 
Gravity 

Grain-Size 

* 

Falling-Head 

Permeameter 

Bulk 

Density 

Moisture 

Content 

* 

• no methanol preservation 
•• samples preserved in the field in methanol 
# sample submitted to laboratory but not analyzed 
I field GC analysis of headspace over a groundwater sample 
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TABLE 3-1 
UNIFIRST PROPERTY 

UNCONSOLIDATED DEPOSITS 
SAMPLING INVENTORY 

Location 

UC32 

UC33 

UC34 

UC35 

UC36 

Sample 

I.D. 

C307A 

32S1A 

32S2A 

32S3A 

32S4A 

C321A 

C322A 

33S1A 

33S2A 

33S3A 

33S4A 

33S5A 

33S6A 

33S7A 
C331A 

. C332A 

C333A 

C334A 
34S1A 

34S2A 
34S3A 

34S4A 
34S5A 

C341A 

C342A 

35S1A 

35S2A 

35S3A 

35S4A 

35S5A 

35S6A 

C351A 

C352A 

C352B 

C353A 

C354A 

36S1A 

Depth 

(feet) 

12-14 

0.5-2 

2-3.5 

3.5-5.5 

55-6.8 

0.5-2 

2-3.5 

0.5-2 

2-3.5 

35-5.5 

55-7.5 

75-9.0 

9.0-10.5 

10.5-11.25 
2-3.5 

55-7.5 

9-10.5 

10.5-11.25 

3-1.5 

4.5-6 
6-8 
9-11 

11-12.9 

3-4.5 

9-11 

0.5-2 

2-35 

35-5.5 

5.5-7 

75-8.5 

85-9.35 

0.5-2 

2-3.5 

2-3.5 

5.5-7 

85-9.35 

0.5-2 

Date of 

Collection 

Dec-08-93 

Mar-30-94 

Mar-30-94 

Mar-30-94 

Mar-30-94 

Mar-30-94 

Mar-30-94 

Apr-4-94 

Apr-4-94 

Apr-4-94 

Apr-4-94 

Apr-5-94 

Apr-5-94 

Apr-5-94 
Apr-4-94 

Apr-5-94 

Apr-5-94 

Apr-5-94 
Apr-7-94 

Apr-7-94 
Apr-7-94 

Apr-7-94 
Apr-7-94 

Apr-7-94 

Apr-7-94 

Apr-12-94 

Apr-12-94 

Apr-12-94 

Apr-12-94 

Apr-12-94 

Apr-13-94 

Apr-12-94 

Apr-12-94 

Apr-12-94 

Apr-12-94 

Apr-13-94 

Apr-13-94 

Chemical Analyses 
Standard 

VOC* 

MeOH-Pres. 

VOC** 

« 

* 
« 

« 
« 
• 

• 

• 
« 

Semi-

VOA 
PCB/ 

Pesticide 

Pe tHC 

Fprint 
Soil Vapor 

VOA 

VOA by 

Field GC 

Physical Analyses 
% Organic 

Caibon 

Specific 
Gravity 

Grain-Size 

» 

* 

* 

• 

* 

• 

Falling-Head 

Permeameter 

Bulk 

Density 

Moisture 

Content 

* 
* 
• 
• 

« 

• no methanol preservation 
•• samples preserved in the field in methanol 
# sample submitted to laboratory but not analyzed 
I field GC analysis of headspace over a groundwater sample 
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TABLE 3-1 
UNIFIRST PROPERTY 

UNCONSOLIDATED DEPOSITS 
SAMPLING INVENTORY 

Location Sample 

I.D. 

36S2A 

36S3A 

36S4A 

36S5A 

C361A 

C362A 

C363A 

C364A 

Depth 

(feet) 

2-3.5 

3.5-5 

5-6.5 

65-7.7 

0.5-2 

3,5-5 

5-6.5 

65-7.7 

WASTE-OIL CONTAMINATION 

TEST PITS 

TPI 

TPA 

TPB . 

TPC 

TPD 

TPB 

SS1MA 

SSIMB 

SS1SA 

TPA27 

TPA37 
TPA44 

TPA74 

TPB 27 

TPB 37 

TPB44 

TPC1A 

TPC2A 

TPC3A 

TPC4A 

TPD1A 

TPD1B 

TPD2A 

TPD3A 

TPB1A 

TPE2A 

TPB3A 

TPE4A 

spoil pile 

spoil pile 

spoil pile 

3 
2.25 
3.08 

3.67 

6.17 

2.25 

3.08 

3.67 

4.8 

4.6 

2.2 

3.8 

5.2 

5.2 

3.9 

25 

3.7 

3.7 

2.45 

1 

Date of 

Collection 

Apr-13-94 

Apr-13-94 

Apr-13-94 

Apr-13-94 

Apr-13-94 

Apr-13-94 

Apr-13-94 

Apr-13-94 

Aug-31-92 

Aug-31-92 

Aug-31-92 

Dec-4-86 

May-13-92 
May-13-92 

May-13-92 

May-13-92 
May-13-92 

May-13-92 

May-13-92 

Jul-31-92 

Jul-31-92 

Jul-31-92 

Jul-31-92 

Jul-31-92 

Jul-31-92 

Jul-31-92 

Jul-31-92 

Aug-24-92 

Aug-24-92 

Aug-24-92 

Aug-24-92 

Chemical Analyses 

Standard 
VOC* 

* 

MeOH-Pres. 

VOC** 

• 
• 
« 
• 

• 
« 

Semi-

VOA 

• 

PCB/ 

Pesticide 

Pe tHC 

Fprint 

* 

Soil Vapor 

VOA 

VOA by 

Field GC 

Physical Analyses 

% Organic 

Caibon 

, .....' 
-

I 
1 
1 
1 

Specific 

Gravity 

Grain-Size 

•. 

« 

Falling-Head 

Permeameter 

• 
• 
• 

« 
« 
• 

Bulk 

Density 
Moisture 

Content 

» 
* 
* 
« 

-

• 
* 
• 

• 
* 
* 

• no methanol preservation 
•• samples preserved in the field in methanol 
# sample submitted to laboratory but not analyzed 
I field GC analysis of headspace over a groundwater sample 
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TABLE 3-1 
UNIFIRST PROPERTY 

UNCONSOLIDATED DEPOSITS 
SAMPLING INVENTORY 

Location 

TPF 

TPG 

TPH 

TPI 

Sample 

LD. 

TPE4B 

TPE5A 

TPFIA 

TPF2A 

TPF3A 

TPF4A 

TPF5A 

TPF6A 

TPF7A 

TPFSA 

TPF9A 

TPGIA 

TPG1B 

TPG2A 
TPG3A 

TPG4A 

TPG5A 

TPG5B 
TPG6A 

TPG7A 
TPG8A 

TPG9A 

TPH1A 

. TPH1B 

TPH2A 

TPH2B 

TPH3B 

TPH4B 

TPH5B 

TPH6B 

TPH7B 

TPH8B 

TPH9A 

TPH10B 

TPH11A 

TPI1A 

TPI1B 

Depth 

(feet) 

1 

3.7 

25 

35 

1.7 

0.6 

3.9 

55 

35 

45 

6.9 

2 

2 

33 
0.8 

2.6 

4.8 
4.8 

6 
15 

2.9 
73 

05 

05 

4.6 

4.6 

4.6 

4.6-4.8 

4.6-1.8 

4.6-4.8 

4.6-4.8 

4.8 

4.8 

55 ' 

55 

05 
SURFACE 

Date of 

Collection 

Aug-24-92 

Aug-24-92 

Sep-22-92 

Sep-22-92 

Sep-22-92 

Sep-22-92 

Sep-22-92 

Sep-22-92 

Sep-22-92 

Sep-22-92 

Sep-22-92 

Sep-22-92 

Sep-22-92 

Sep-22-92 
Sep-22-92 

Sep-22-92 
Sep-22-92 

Sep-22-92 
Sep-22-92 

Sep-22-92 

Sep-22-92 
Sep-22-92 

Jul-24-93 

Jul-24-93 

Jul-24-93 

Jul-24-93 

Jul-24-93 

Jul-24-93 

Jul-24-93 

Jul-24-93 

Jul-24-93 

Jul-24-93 

Jul-24-93 

Jul-24-93 

Jul-24-93 

Jul-24-93 

Jul-24-93 

Chemical Analyses 

Standard 

VOC* 

MeOH-Pres. 

VOC** 

* 

* 

« 
• 

Semi-

VOA 

• 
« 

* 
« 

* 

• 

• 

* 

PCB/ 

Pesticide 
Pe tHC 

Fprint 

« 

« 

* 

Soil Vapor 

VOA 

VOA by 

Field GC 

Physical Analyses 

% Organic 

Carbon 

Specific 

Gravity 

Grain-Size Falling-Head 

Permeameter 

Bulk 

Density 

Moisture 

Content 

• no methanol preservation 
•* samples preserved in the field in methanol 
# sample submitted to laboratory but not analyzed 
I Held GC analysis of headspace over a groundwater sample 
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TABLE 3-1 
UNIFIRST PROPERTY 

UNCONSOLIDATED DEPOSITS 
SAMPLING INVENTORY 

Location 

TPJ 

TPK 

TPL 

TPM 

Sample 

LD. 

TPI2B 

TPI3B 

TPI4B 

TPI5B 

TPI6B 

TPI7B 

TPJ1A 

TPJ2A 

TPI3A 

TPK1A 

TPK2A 

TPK3A 

TPK4A 

TPK5A 
TPK6A 

TPK7A 

TPK8A 

TPK9A 

PK10A 
PK10B 

PK11A 
PIU2A 

TPL1A 

TPL2A 

TPL3A 

TPL4A 

TPL5A 

TPM1A 

TPM2A 

TPM3A 

TPM4A 

TPM4B 

TPM5A 

TPM6A 

TPM7A 

Depth 

(feet) 

SURFACE 

SURFACE 

03 

05 

02 

02 

3 

3 

45 

1.8 

2.8 

33 

4.1 

4.8 
2 

4 

15 

3.8 

44 
44 

2.9 

1.9 

32 

1.8 

14 

2.1 

3.7 

05-1.2 

4 

2 

0.06 

0.06 

05 

2 

4 

Date of 

Collection 

Jul-24-93 

Jul-24-93 

Jul-24-93 

Jul-24-93 

Aug-04-93 

Chemical Analyses 

Standard 

VOC* 

Aug-04-93 j 

Dec-02-93 1 

Dec-02-93 

Dec-02-93 

Dec-02-93 

Dec-02-93 

Dec-02-93 

Dec-02-93 

Dec-02-93 
Dec-02-93 

Dec-02-93 

Dec-02-93 

Dec-02-93 

Dec-03-93 j 
Dec-03-93 fl 

Dec-03-93 | 

Dec-03-93 

Dec-03-93 

Dec-03-93 

Dec-03-93 

Dec-03-93 

Dec-03-93 

Apr-25-94 

Apr-25-94 

Apr-25-94 

Apr-25-94 

Apr-25-94 

Apr-25-94 

Apr-25-94 

Apr-25-94 

MeOH-Pres. 

VOC** 

• 

Semi-

VOA 

« 

• 
• 

« 

* 

PCB/ 

Pesticide 

« 
• 

* 

Pe tHC 

Fprint 

Soil Vapor 

VOA 

VOA by 

Field GC 

Physical Analyses 

% Organic 

Carbon 

Specific 

Gravity 

• 

• 

* 

« 

* 

Grain-Size 

« 
* 
0 

Falling-Head 

Permeameter 

• 
* 

• 
* 
• 
* 
• 

« 

• 
• 
• 

Bulk 

Density 

« 

* 

« 
« 

« 
« 
* 

Moisture 

Content 

* 
* 
« 

• no methanol preservation 
*• samples preserved in the field in methanol 
# sample submitted to laboratory but not analyzed 
I field GC analysis of headspace over a groundwater sample 

TABLE 3-1 Page 6 



TABLE 3-1 
UNIFIRST PROPERTY 

UNCONSOLIDATED DEPOSITS 
SAMPLING INVENTORY 

Location Sample 

LD. 

SOIL-VAPOR PROBES 

VB1 

VB2 

VB3 

VB3 

SV1 

SV2 

SV3 

SV4 

SV5 

SV6 

SV7 

SV8 

SV9 

SV10 

SV11 

SV12 

SV13 

3289-3 

3289-4 

VB2 

3289-5 

3289-6 

VB3 

SV1A 

SV1B 

SV1B 

SV1C 

Depth 

(feet) 

3.25 

5 

5 

10 

10 

10 

2 

4 

4 

6 

4 

4 
4 

4 

4 

4 
4 

4 

4 

4 

4 

4 

4 

4 

4 

6 

35 

45 

6 

Date of 

Collection 

Mar-02-89 

Mar-02-89 

Sep-23-92 

Mar-02-89 

Mar-02-89 

Sep-23-92 

May-22-92 

May-22-92 

Sept-21-92 

May-22-92 

May-27-92 

Sept-21-92 
May-27-92 

Sept-22-92 

May-27-92 

Sept-22-92 

May-27-92 

Sept-22-92 

May-27-92 
Sept-22-92 

May-27-92 

Sept-22-92 

May-27-92 

Sept-22-92 

May-27-92 

Sept-21-92 

Sept-21-92 

Sept-21-92 

Sept-21-92 

Chemical Analyses 

Standard 

VOC* 

MeOH-Pres. 

VOC** 

Semi-

VOA 

PCB/ 

Pesticide 

PetHC 

Fprint 

Soil Vapor 

VOA 
VOA by 

Field GC 

Physical Analyses 

% Organic 

Carbon 

Specific 

Gravity 

Grain-Size Falling-Head 

Permeameter 

Bulk 

Density 
Moisture 

Content 

• no methanol preservation 
•• samples preserved in the field in methanol 
# sample submitted to laboratory but not analyzed 
I field GC analysis of headspace over a groundwater sample 
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TABLE 3-2 

UNIFIRST PROPERTY 

UNCONSOLIDATED-DEPOSITS RESULTS FOR SELECTED VOC 

METHANOL-PRESERVED SAMPLES 

Location Sample 

I.D. 

SOIL BORINGS 

BI 

B2 

B3 

B4 

B5 

B6 

B7 

VB1 

VB2 

VB3 

VB4 

B1MAA 

B1MBA 

B2MAA 

B2MBA 

B3MAA 

B3MBA 

B4MAA 

B5MAA 

B5MBA 

B6MAA 

B7MAA 

B7MBA 

VB1-1 

VB1-2 

VB2-1 

VB2-2 

VB2-3 

VB3-1 

VB3-2 

VB3-3 

VB3-4 

VB3-5 

VB3-6 

VB4-1M 

VB4-2M 

Depth 

(ft) 

.05-2.5 

4.5-6.5 

.05-2.5 

3.0^.5 

.05-2.5 

2.5^.5 

.05-2.5 

.05-2.5 

4.5-6.5 

.05-2.5 

.05-2.5 

2.5-3.7 

.25-2.25 

2.25-3.25 

.25-2.25 

2.25-4.25 

4.25-5.25 

.25-2.25 

2.25-4.25 

4.25-6.0 

0.25-125 

2.25-4.25 

4.25-6.0 

0.5-2 

2-3.7 

Date of 

Collection 

Jun-18-92 

Jun-18-92 

Jun-18-92 

Jun-18-92 

Jun-18-92 

Jun-18-92 

Jun-18-92 

Jun-19-92 

Jun-19-92 

Jun-19-92 

Jun-19-92 

Jun-19-92 

Feb-23-89 

Feb-23-89 

Feb-23-89 

Feb-23-89 

Feb-23-89 

Feb-23-89 

Feb-23-89 

Feb-23-89 

Feb-23-89 

Feb-23-89 

Feb-23-89 

Mar-2-89 

Mar-2-89 

Lab 

Method 

8010 

8010 

8010 

8010 

8010 

8010 

8010 

8010 

8010 

8010 

8010 

8010 

3580/8000 

3580/8000 

3580/8000 

3580/8000 

3580/8000 

3580/8000 

3580/8000 

3580/8000 

3580/8000 

3580/8000 

3580/8000 

3580/8000 

3580/8000 

Concentrations (ug/kg) 

PCE 

330 

120 

120 

44 U 

1400 

42 U 

59,000 

82 

580 

51 
1700 

48 U 

580 

2500 

1200 

82 

57 

22 U 

16U 

79 

I IU 

54 

110 

6500 

700 U 

TCE 

43 U 

45 U 

41 U 

44 U 

89 U 

42 U 

1500 

47 U 

47 U 

46 U 

280 U 

48 U 

38 U 

500 U 

640 

17 

13 U 

22 U 

16U 

13U 

I IU 

9.5 U 

73 

1400 U 

1400 U 

1.1,1-TCA 

43 U 

45 U 

41 U 

44 U 

89 U 

42 U 

4600 

47 U 

47 U 

46 U 

12,000 

48 U 

38 U 

8.6 U 

34 U 

9.4 U 

13 U 

22 U 

16U 

13U 

I I U 

9.5 U 

7.8U 

220 

3000 

cis-DCE 

43 U 

45 U 

41 U 

44 U 

290 

42 U 

360 U 

47 U 

47 U 

46 U 

280 U 

48 U 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

t-DCE 

43 U 

45 U 

41 U 

44 U 

89 U 

42 U 

360 U 

47 U 

47 U 

46 U 

280 U 

48 U 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

1,1-DCA 

43 U 

45 U 

41 U 

44 U 

89 U 

42 U 

360 U 

47 U 

47 U 

46 U 

280 U 

48 U 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

U-DCA 

43 U 

45 U 

41 U 

44 U 

89 U 

42 U 

360 U 

47 U 

47 U 

46 U 

280 U 

48 U 

95 U 

21 U 

85 U 

24 U 

33 U 

56 U 

500 

580 

11 U 

430 

7.8U 

36 U 

36 U 

VC 

43 U 

45 U 

41 U 

44 U 

89 U 

42 U 

360 U 

47 U 

47 U 

46 U 

280 U 

48 U 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 
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TABLE 3-2 

UNIFIRST PROPERTY 

UNCONSOLIDATED-DEPOSITS RESULTS FOR SELECTED VOC 

METHANOL-PRESERVED SAMPLES 

Location 

VB5 

UC27 

UC28 

UC29D 

UC30 

UC32 

UC33 

UC34 

UC35 

Sample 

ID . 

VB5-1M 

VB5-2M 

C273A 

C276A 

C281A 

C284A 

29D1A 

29D3A 

29D5A 

29D5B 

C301A 

C303A 

C305A 

C307A 

C321A 

C322A 

C331A 

C332A 

C333A 

C334A 

C341A 

C342A 

C351A 

C352A 

C352B 

C353A 

C354A 

Depth 

(ft) 

0.5-2 

2-3.7 

3.5^.0 

10.0-11.0 

0-1.0 

6.0-8.0 

0-2.0 

2.0-4.0 

8.0-10.0 

8.0-10.0 

0-2.0 

4.0-6.0 

8.0-10.0 

12.0-14.0 

2.0-3.5 

5.5-6.8 

2.0-3.5 

5.5-7.5 

9.0-10.5 

10.5-11.25 

3.04.5 

9.0-11.0 

0.5-2.0 

2.0-3.5 

2.0-3.5 

5.5-7 

8.5-9.35 

Date of 

Collection 

Mar-2-89 

Mar-2-89 

Deo-3-93 

Dec-3-93 

Dec-6-93 

Dec-6-93 

Dec-7-93 

Dec-7-93 

Dec-7-93 

Dec -7-93 

Dec-8-93 

Dec-8-93 

Dec-8-93 

Dec-8-93 

Mar-30-94 

Mar-30-94 

Apr-4-94 

Apr-5-94 

Apr-5-94 

Apr-5-94 

Apr-7-94 

Apr-7-94 

Apr-12-94 

Apr-12-94 

Apr-12-94 

Apr-12-94 

Apr-13-94 

Lab 

Method 

3580/8000 

3580/8000 

8240 

8240 

8240 

8240 

8240 

8240 

8240 

8240 

8240 

8240 

8240 

8240 

8240 

8240 

8240 

8240 

8240 

8240 

8240 

8240 

8240 

8240 

8240 

8240 

8240 

Concentrations (ug/kg) 

PCE 

23.000 

1200 

20,000 

620 

110 J 

160U 

190U 

180U 

38 J 

100J 

240 U 

160U 

170 U 

230 U 

260U 

50J 

200U 

220U 

220U 

110J 

4400 

230U 

8900D 

2000 

1000 

73J 

590 

TCE 

1400U 

1400U 

600U 

140U 

140 U 

160U 

190U 

180 U 

170 U 

210 U 

240 U 

160U 

170 U 

230 U 

260U 

270U 

200U 

220U 

220U 

340U 

230U 

230U 

220U 

220U 

260U 

230U 

220U 

1.1,1-TCA 

800 

1200 

600 U 

140U 

140U 

160U 

190U 

180U 

170 U 

210 U 

240 U 

160U 

170 U 

230 U 

260U 

270U 

200U 

220U 

220U 

340U 

230U 

230U 

220U 

220U 

260U 

230U 

220U 

cis-DCE 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

t-DCE 

NA 

NA 

600 U 

140U 

140U 

160 U 

190 U 

180U 

170 U 

210 U 

240 U 

160U 

170 U 

230 U 

260U 

270U 

200U 

220U 

220U 

340U 

230U 

230U 

220U 

220U 

260U 

230U 

220U 

1,1 -DCA 

NA 

NA 

600U 

140U 

MOU 

160 U 

190U 

180 U 

170 U 

210 U 

240 U 

160U 

170 U 

230 U 

260U 

270U 

200U 

220U 

220U 

340U 

230U 

230U 

220U 

220U 

260U 

230U 

220U 

U-DCA 

36 U 

36 U 

600 U 

MOU 

140 U 

160U 

190U 

180 U 

170 U 

210 U 

240 U 

160U 

170 U 

230 U 

260U 

270U 

200U 

220U 

220U 

340U 

230U 

230U 

220U 

220U 

260U 

230U 

220U 

VC 

NA 

NA 

1200 U 

290 U 

280 U 

320 U 

380 U 

360 U 

330 U 

430 U 

490 U 

310 U 

350 U 

450 U 

260U 

270U 

200U 

220U 

220U 

340U 

230U 

230U 

220U 

220U 

260U 

230U 

220U 
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TABLE 3-2 

UNIFIRST PROPERTY 

UNCONSOLIDATED-DEPOSITS RESULTS FOR SELECTED VOC 

METHANOL-PRESERVED SAMPLES 

Location 

UC36 

Sample 

LD. 

C361A 

C362A 

C363A 

C364A 

Depth 

(ft) 
0.5-2.0 

3.5-5.0 

5.0-6.5 

6.5-7.7 

WASTE OIL CONTAMINATION 

TEST PITS 

TPC 

TPD 

TPE 

IFF 

SS1MA 

SSI MB 

TPC-1A 

TPC-2A 

TPC-3A 

TPC-4A 

TPD-1A 

TPD-1B 

TPD-2A 

TPD-3A 

TPE-1A 

TPE-2A 

TPE-3A 

TPE-4A 

TPE-4B 

TPB-5A 

TPFIA 

TPF2A 

TPF3A 

4.8 

4.8 

2.2 

3.8 

5.2 

5.2 

3.9 

2.5 

3.7 

3.7 

2.5 

1.0 

1.0 

3.7 

ZS 

3.5 

1.7 

Date of 

Collection 

Apr-13-94 

Apr-13-94 

Apr-13-94 

Apr-13-94 

Aug-31-92 

Aug-31-92 

Jul-31-92 

Jul-31-92 

Jul-31-92 

Jul-31-92 

Jul-31-92 

Jul-31-92 

Jul-31-92 

Jul-31-92 

Aug-24-92 

Aug-24-92 

Aug-24-92 

Aug-24-92 

Aug-24-92 

Aug-24-92 

Sep-22-92 

Sep-22-92 

Sep-22-92 

Lab 

Method 

8240 

8240 

8240 

8240 

8240 

8240 

8240 

8240 

8240 

8240 

8240 

8240 

8240 

8240 

8240 

8240 

8240 

8240 

8240 

8240 

8240 

8240 

8240 

Concentrations (ug/kg) 

PCE 

130J 

84J 

290 

300 

210,000 

130,000 

580 

210 J 

180 J 

680 

810 

350 

250 U 

150 J 

450 U 

410 J 

800 U 

580 

450 J 

140 J 

2300,000 

1200 

250 U 

TCE 

230U 

200U 

200U 

180U 

14,000 U 

14,000 U 

280 U 

280 U 

280 U 

260 U 

280 U 

310U 

250 U 

290 U 

450 U 

540 U 

800 U 

440 U 

560 U 

450 U 

5,0000 U 

250 U 

250 U 

1,1.1-TCA 

230U 

200U 

200U 

180U 

14,000 U 

14,000 U 

280 U 

280 U 

280 U 

260 U 

280 U 

310U 

250 U 

290 U 

450 U 

540 U 

800 U 

440 U 

560 U 

450 U 

5,0000 U 

250 U 

250 U 

cis-DCE 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

t-DCE 

230U 

200U 

200U 

180U 

14,000 U 

14,000 U 

280 U 

280 U 

280 U 

260 U 

280 U 

310U 

250 U 

290 U 

450 U 

540 U 

800 U 

170 JX 

560 U 

450 U 

5,0000 U 

250 U 

250 U 

1,1-DCA 

230U 

200U 

200U 

180U 

14,000 U 

14,000 U 

280 U 

280 U 

280 U 

260 U 

280 U 

310U 

250 U 

290 U 

450 U 

540 U 

800 U 

440 U 

560 U 

450 U 

5,0000 U 

250 U 

250 U 

1.2-DCA 

230U 

200U 

200U 

180U 

14,000 U 

14,000 U 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

VC 

230U 

200U 

200U 

180U 

27,000 U 

27,000 U 

550 U 

560 U 

560 U 

520 U 

570 U 

610U 

500 U 

570 U 

900 U 

1100U 

1600 U 

880 U 

1100U 

900 U 

1,00000 U 

500 U 

500 U 
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TABLE 3-2 

UNIFIRST PROPERTY 

UNCONSOLIDATED-DEPOSITS RESULTS FOR SELECTED VOC 

METHANOL-PRESERVED SAMPLES 

Location 

TPG 

TPH 

TPI 
TPJ 

TPK 

TPL 

Sample 

IX). 

TPF4A 

TPF5A 

TPF6A 

TPF7A 

TPF8A 

TPF9A 

TPGIA 

TPG2A 

TPG3A 

TPG4A 

TPG5A 

TPG5B 

TPG6A 

TPG7A 

TPG8A 

TPG9A 

TPH1A 

TPH2A 

7PH9A 

TPH11A 

TPI1A 

TPJ1A 

PK10A 

PK10B 

PK11A 

PK12A 

TPL1A 

Depth 

(ft) 
0.6 

3.9 

5.5 

3.5 

4.5 

6.9 

2.0 

3.3 

0.8 

2.6 

4.8 

4.8 

6.0 

1.5 

2.9 

7.3 

0.5 

4.6 

4.8 

5.5 

0.5 

3.0 

4.4 

4.4 

2.9 

1.9 

2.1 

Date of 

Collection 

Sep-22-92 

Sep-22-92 

Sep-22-92 

Sep-22-92 

Sep-22-92 

Sep-22-92 

Sep-22-92 

Sep-22-92 

Sep-22-92 

Sep-22-92 

Sep-22-92 

Sep-22-92 

Sep-22-92 

Sep-22-92 

Sep-22-92 

Sep-22-92 

Jul-24-93 

Jul-24-93 

Jul-24-93 

Jul-24-93 

Jul-24-93 

Dec-02-93 

Dec-03-93 

Dec-03-93 

Dec-03-93 

Dec-03-93 

Dec-03-93 

Lab 

Method 

8240 

8240 

8240 

8240 

8240 

8240 

8240 

8240 

8240 

8240 

8240 

8240 

8240 

8240 

8240 

8240 

8240 

8240 

8240 

8240 

8240 

8240 

8240 

8240 

8240 

8240 

8240 

Concentrations (ug/kg) 

PCE 

750 

1100 

300 U 

47,000 

710 

1200 

310 

20,000 

5700 

720 

910 

2,000 

600 

67,000 

2100 

1100 

270 J 

360 

3400 

2800 

120,000 

42J 

36J 

37J 

93U 

140 

50J 

TCE 

290 U 

360 U 

300 U 

2800 U 

300 U 

280 U 

160U 

490 U 

280 U 

280 U 

3I0U 

280 U 

280 U 

5,000 U 

320 U 

300 U 

310U 

170 U 

37 J 

170 U 

86 J 

110U 

110U 

100U 

93U 

96U 

91U 

1,1,1-TCA 

290 U 

360 U 

300 U 

2800 U 

300 U 

280 U 

160U 

490 U 

280 U 

280 U 

310U 

280 U 

280 U 

5,000 U 

320 U 

300 U 

310U 

170 U 

170 U 

170 U 

8500 

110U 

110U 

100U 

93U 

96U 

91U 

cis-DCE 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

t-DCE 

290 U 

360 U 

300 U 

2800 U 

300 U 

280 U 

160U 

490 U 

280 U 

280 U 

310 U 

280 U 

280 U 

5,000 U 

320 U 

300 U 

310 U 

170 U 

62 J 

64 J 

170 U 

110U 

110U 

100U 

93U 

96U 

91U 

1,1 -DCA 

290 U 

360 U 

300 U 

2800 U 

300 U 

280 U 

160U 

490 U 

280 U 

280 U 

310U 

280 U 

280 U 

5,000 U 

320 U 

300 U 

310 U 

170 U 

170 U 

170 U 

170 U 

110U 

110U 

100U 

93U 

96U 

91U 

U-DCA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

110U 

110U 

100U 

93U 

96U 

91U 

VC 

580 U 

720 U 

600 U 

5500 U 

590 U 

570 U 

310U 

980 U 

570 U 

570 U 

620 U 

570 U 

550 U 

1.0000 U 

630 U 

590 U 

620 U 

340 U 

340 U 

340 U 

350 U 

210U 

230U 

200U 

190U 

190U 

180U 
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TABLE 3-2 

UNIFIRST PROPERTY 

UNCONSOLIDATED-DEPOSITS RESULTS FOR SELECTED VOC 

METHANOL-PRESERVED SAMPLES 

Location 

TPM 

Sample 

LD. 

TPL4A 

TPL5A 

TPM1A 

TPM2A 

TPM3A 

TPM4A 

TPM4B 

TPM5A 

TPM6A 

TPM7A 

Depth 

(ft) 
2.1 

3.7 

0.0-1.0 

4 

2 

0.8 

0.8 

0.5 

2 

4 

Dale of 

Collection 

Dec-03-93 

Dec-03-93 

Apr-25-94 

Apr-25-94 

Apr-25-94 

Apr-25-94 

Apr-25-94 

Apr-25-94 

Apr-25-94 

Apr-25-94 

Lab 

Method 

8240 

8240 

8240 

8240 

8240 

8240 

8240 

8240 

8240 

8240 

Concentrations (ug/kg) 

PCE 

170 

110U 

2,500,0008 

230J 

3700B 

220,000 

320,0008 

73,000 

88BJ 

6208 

TCE 

130U 

110U 

140.000U 

390U 

370U 

14.000U 

18.000U 

5100U 

430U 

370U 

1,1,1-TCA 

130U 

110U 

140.000U 

390U 

370U 

14.000U 

18.000U 

3300J 

430U 

92J 

cis-DCE 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

t-DCE 

130U 

110U 

140.000U 

390U 

370U 

14.000U 

18.000U 

5100U 

430U 

370U 

1,1 -DCA 

130U 

110U 

140.000U 

390U 

370U 

14.000U 

18.000U 

5100U 

430U 

370U 

1,2-DCA 

130U 

110U 

140.000U 

390U 

370U 

14.000U 

18.000U 

5100U 

430U 

370U 

VC 

260U 

220U 

140.000U 

390U 

370U 

14.000U 

18.000U 

5100U 

430U 

370U 

NOTES: 

ND = not detected 

NA = not analyzed 

U = indicates that the compound was not detected at the detection limit indicated by the preceding number 

J = indicates an estimated concentration 

D = indicates a diluted sample 

8 = indicates compound detected in blank sample 

X = indicates manual edit to reporting software 

PCE = tetrachloroethene 

TCE = trichloroethene 

1,1,1-TCA= 1,1,1-trichloroethene 

cis-DCE = cis-1,2-dichloroethane 

t-DCA = trans-1,2-dichloroethene or 

l,2-dichloroethene(total) where cis-DCE is NA 

1,1 -DCA = 1,1 -dichloroethane 

1,2-DCA =1,2-dichloroethane 

VC = Vinyl Chloride 
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TABLE 3-3 
UNIFIRST PROPERTY 

UNCONSOLIDATED-DEPOSITS RESULTS FOR SELECTED VOC 
STANDARD (NON-PRESERVED) SAMPLES 

Location Sample 

ID . 

SOIL BORING 

81 

B2 

B3 

B4 
85 

86 
B7 

VB1 
VB3 
UC4 
UC5 

UC6 

UC7 

UCI 5 

UCI 6 

UC17 

UCI 8 
UC19 
UC20 

B1SAA 

B1SBA 

B2SAA 
B2SBA 

B3SAA 
B3SBA 

B4SAA 
B5SAA 
B5SBA 
B6SAA 

B7SAA 
B7SBA 
VB1-2 
VB3-5 

UC4-SS-1 
UC5-SS-1 
UC5-SS-2 
UC6-SS-1 
UC6-SS-2 

UC6-SS-3 
UC6-SS4 

UC7-1 

UC7-2 

UC7-2D 

UC7-SS-1A 

UC7-SS-2 

UC7-SS-3 

Depth 
(feet) 

.05-2.5 

4.5-6.5 

.05-2.5 

3.0^.5 
.05-2.5 

2.5-4.5 

.05-2.5 

.05-2.5 
4.5-6.5 
.05-2.5 
.05-2.5 
2.5-3.7 

2.25-3.25 
10.0-12.0 

0-2.0 
0-2.0 

4.0-6.0 

0-2.0 
2.04.0 
4.0-6.0 

18-20 

1.0 

2.0 
2.0 

2.04.0 

4.0-6.0 

6-6.5 

5.0-10.0 

2.0-5.0 

2.0-5.0 

2.0-10.0 
3.0-6.0 
3.0-6.0 

Date of 

Collection 

Jun-18-92 

Jun-18-92 

Jun-18-92 

Jun-18-92 
Jun-18-92 

Jun-18-92 
Jun-18-92 

Jun-19-92 
Jun-19-92 
Jun-19-92 
Jun-19-92 
Jun-19-92 
Feb-23-89 
Feb-23-89 

Nov-86 
Nov-86 
Nov-86 

Nov-86 
Nov-86 
Nov-86 

Nov-86 

Nov-86 

Nov-86 

Nov-86 

Nov-86 

Nov-86 

Nov-86 

Sep-87 

Sep-87 

Oct-87 
Oct-87 

Oct-87 
Oct-87 

Lab 

Method 

8010 

8010 

8010 

8010 
8010 

8010 
8010 
8010 

8010 
8010 
8010 
8010 

3580/8000 
3580/8000 

Concentrat ions (ug/kg) 

PCE 

17 
2.1 U 

120 

2.0 U 
64 

2.0 U 
2600 
5.4 

20 
2.0 U 

37 
1.9 U 
150 

28 U 
8.8 
170 
ND 
ND 

ND 
ND 

ND 

61 

-
10 

NA 

NA 

NA 

ND 

ND 

290 
ND 

ND 
ND 

TCE 

2.0 U 

2.1 U 

4.0 U 
2.0 U 

3.8 U 
2.0 U 

86 U 
2.2 U 
3.8 U 
2.0 U 
3.0 U 
1.9 U 
19U 
28 U 
NA 
NA 
NA 
NA 
NA 
NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

ND 

ND 

ND 

ND 
ND 
ND 

1,1,1-TCA 

2.0 U 
2.1 U 

4.0 U 

2.0 U 
3.8 U 

2.0 U 

86 U 
2.2 U 
3.8 U 
2.0 U 

8.0 
1.9 U 
19U 
28 U 
NA 
12 
ND 
ND 

ND 
ND 

ND 

ND 

ND 

ND 

NA 

NA 

NA 

ND 

ND 

ND 

ND 
ND 
ND 

cis-DCE 

2.0 U 

2.1 U 
4.0 U 

2.0 U 

5.4 
2.0 U 

86 U 
2.2 U 

3.8 U 
2,0 U 

3.0 U 
1.9 U 
NA 
NA 
NA 
NA 
NA 
NA 
NA 

NA 

NA 
NA 

NA 

NA 

NA 

NA 

NA 
ND 

ND 

ND 
ND 
ND 

ND 

t-DCE 

2.0 U 

2.1 U 

4.0 U 
2.0 U 

3.8 U 
2.0 U 
86 U 

2.2 U 
3.8 U 
2.0 U 
3.0 U 
1.9 U 

NA 
NA 
NA 
NA 
NA 
NA 
NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

ND 

ND 
ND 

ND 
ND 
ND 

1,1-DCA 

2.0 U 

2.1 U 

4.0 U 

2.0 U 
3.8 U 
2.0 U 

86 U 
2.2 U 

3.8 U 
2.0 U 
3.0 U 
1.9 U 
NA 
NA 
NA 
NA 
NA 
NA 
NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 
NA 

NA 
NA 

U - D C A 

2.0 U 
2.1 U 

4.0 U 

2.0 U 
3.8 U 

2.0 U 
86 U 
2.2 U 

3.8 U 
2.0 U 
3.0 U 
1.9 U 
48 U 
70 U 
NA 
NA 
NA 
NA 

NA 
NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 
NA 

NA 

NA 
NA 
NA 

VC 

2.0 U 

2.1 U 
4.0 U 
2.0 U 

3.8 U 

2.0 U 
86 U 

2.2 U 
3.8 U 
2,0 U 
3.0 U 

1.9 U 
NA 

NA 
NA 
NA 
NA 
NA 
NA 

NA 
NA 

NA 

NA 

NA 
NA 

NA 

NA 

NA 

NA 

NA 

NA 
NA 
NA 
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TABLE 3-3 
UNIFIRST PROPERTY 

UNCONSOLIDATED-DEPOSITS RESULTS FOR SELECTED VOC 
STANDARD (NON-PRESERVED) SAMPLES 

Location Sample 
ID. 

Depth 
(feet) 

WASTE OIL C( 
SS1SA 

TEST PITS 
TPF 

TPF 

TPG 

TPFIA 
TPF2A 
TPF3A 
TPF4A 
TPF5A 
TPF6A 
TPF7A 
TPF8A 
TPP9A 
TPGIA 
TPG2A 
TPG3A 
TPG4A 
TPG5A 
TPG5B 
TPG6A 
TPG7A 
TPG8A 
TPG9A 

Spoil pile 

2.5 
3.5 
1.7 
0.6 
3.9 
5.5 
3.5 
4.5 
6.9 
2.0 
3.3 
0.8 
2.6 
4.8 
4.8 
6.0 
1.5 
2.9 
7.3 

Date of 
Collection 

Aug-31-92 

Sep-22-92 
Sep-22-92 
Sep-22-92 
Sep-22-92 
Sep-22-92 
Sep-22-92 
Sep-22-92 
Sep-22-92 
Sep-22-92 
Sep-22-92 
Sep-22-92 
Sep-22-92 
Sep-22-92 
Sep-22-92 
Sep-22-92 
Sep-22-92 
Sep-22-92 
Sep-22-92 
Sep-22-92 

Lab 
Method 

5030/8240 

8240 
8240 
8240 
8240 
8240 
8240 
8240 
8240 
8240 
8240 
8240 
8240 
8240 
8240 
8240 
8240 
8240 
8240 
8240 

Concentrations (ug/kg) 
PCE 

460,000 

35,000,000 
5.5 U 
5.0 U 
110 

5.5 U 
26 U 
9200 
5.5 U 
5.5 U 

14,000 
2700 
760 
36 

5.5 U 
5.5 U 
5.5 U 

22,000 
5.0 U 
10U 

TCE 

14,000 U 

650,000 U 
5.5 U 
5.0 U 
6.0 U 
5.5 U 
26 U 

1300 U 
5.5 U 
5.5 U 
1700 

750 U 
28 U 
5.5 U 
5.5 U 
5.5 U 
5.5 U 

3100U 
5.0 U 
10U 

1,1,1-TCA 

14,000 U 

650,000 U 
5.5 U 
5.0 U 
6.0 U 
5.5 U 
26 U 

1300 U 
5.5 U 
5.5 U 
650 U 
750 U 
28 U 
5.5 U 
5.5 U 
5.5 U 
5.5 U 

3100 U 
5.0 U 
10 U 

cis-DCE 

NA 

NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 

t-DCE 

14,000 U 

650,000 U 
5.5 U 
5.0 U 
6.0 U 
5.5 U 
26 U 

1300 U 
5.5 U 
5.5 U 
1600 

750 U 
28 U 
5.5 U 
5.5 U 
5.5 U 
5.5 U 

3100 U 
5.0 U 
10U 

1,1-DCA 

14,000 U 

650,000 U 
5.5 U 
5.0 U 
6.0 U 
5.5 U 
26 U 

1300 U 
5.5 U 
5.5 U 
650 U 
750 U 
28 U 
5.5 U 
5.5 U 
5.5 U 
5.5 U 

3100 U 
5.0 U 
10 U 

1,2-DCA 

14,000 U 

NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 

VC 

27,000 U 

1,300,000 U 
I IU 
10 U 
12U 
I IU 
53 U 

2600 U 
I I U 
I IU 

1300U 
1500U 
55 U 
IIU 
I IU 

nu 
nu 

6200 U 
10U 
21 U 

NOTES: 
ND = not detected 
NA = not analyzed 
U = indicates that the compound was not detected at the detection limit indicated by the preceding number 
J = indicates an estimate concentration 
- = not repotted 

PCE = tetrachloroethene 
TCE = trichloroethene 
1.1,1-TCA = 1,1,1-trichloroethene 
cis-DCE = cis-1,2-dichloroethane 
t-DCA = trans-1,2-dichloroethene or 

l,2-dichloroethene(total) where cis-DCE is NA 
1,1-DCA = 1,1-dichloroethane 
1,2-DCA = 1,2-dichlotoethane 
VC = Vinyl Chloride 
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TABLE 3-4 

UNIFIRST PROPERTY 

UNCONSOLIDATED-DEPOSITS ANALYSES 

PHYSICAL-PROPERTIES RESULTS 

Location 

BORINGS 

UC28 

UC32 

UC33 

UC34 

UC35 

UC36 

Sample 

ID. 

C284A 

32S1A 

32S2A 

32S3A 

32S4A 

33S1A 

33S2A 

33S3A 

33S4A 

33S5A 

33S6A 

33S7A 

34S1A 

34S2A 

34S3A 

34S4A 

34S5A 

35S1A 

35S2A 

35S3A 

35S4A 

35S5A 

35S6A 

36S1A 

36S2A 

36S3A 

Depth 

(feet) 

6-8 

0.5-2.0 

2.0-3.5 

3.5-5.5 

5.5-6.8 

0.5-2.0 

2.0-3.5 

3.5-5.5 

5.5-7.5 

7.5-9.0 

9.0-10.5 

10.5-11.25 

3.04.5 

4.5-6.0 

6.0-8.0 

9.0-11.0 

11.0-12.9 

0.5-2.0 

2.0-3.5 

3.5-5.5 

5.5-7 

7.5-8.5 

8.5-9.35 

0.5-2.0 

2.0-3.5 

3.5-5.5 

Date of 

Collection 

12/6793 

3/30/94 

3/30/94 

3/30/94 

3/30/94 

4/4/94 

4/4/94 

4/4/94 

4/4/94 

4/5/94 

4/5/94 

4/5/94 

4/7/94 

4/7/94 

4/7/94 

4/7/94 

4/7/94 

4/12/94 

4/12/94 

4/12/94 

4/12/94 

4/12/94 

4/13/94 

4/13/94 

4/13/94 

4/13/94 

Dry Bulk 

Density 

(g/cc) 

Specific 

Gravity 

Fraction 

Organic Carbon 

(%) 

Moisture 

Content 

(%) 

6.5 

5.30 

3.13 

9.20 

13.35 

4.25 

2.48 

2.93 

7.63 

6.84 

9.94 

0.72d 

15.26 

5.16 

5.26 

6.80 

. 8.15 

9.62 

2.52 

1.22 

7.23 

10.55 

10.32 

6.40 

9.80 

5.28 

Grain Size 

Gravel Sand Fines 

(%) (ft) (%) 

5.7 

45.9 

37.5 

16.5 

36.3 

27.3 

50.1 

10.4 

68.6 

41.4 

48.6 

43.0 

52.6 

44.3 

36.1 

77.6 

25.7 

12.7 

13.9 

40.5 

11.1 

28.4 

13.8 

12.0 

Permeameter 

Hydraulic Cond. 

(cm/s) 
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TABLE 3-4 

UNIFIRST PROPERTY 

UNCONSOLIDATED-DEPOSITS ANALYSES 

PHYSICAL-PROPERTIES RESULTS 

Location 

TEST PITS 

TPA 

TPB 

TPJ 

TPK 

TPL 

Sample 

ID. 

36S4A 

36S5A 

TPA27 

TPA37 

TPA44 

TPA74 

TPB27 

TPB37 

TPB44 

TPJ1A 

TPJ2A 

TPJ3A 

TPK1A 

TPK2A 

TPK3A 

TPK4A 

TPK5A 

TPK6A 

TPK7A 

TPK8A 

TPK9A 

PK10A 

PK11A 

PK12A 

TPL1A 

TPL2A 

Depth 

(feet) 

5.0-6.5 

6.5-7.7 

2.25 

3.08 

3.67 

6.17 

2.25 

3.08 

3.67 

3 

3 

4.5 

1.8 

2.8 

3.3 

4.1 

4.8 

4.1 

4.1 

4.1 , 

4.1 

4.4 

4.4 

1.9 

3.2 

1.8 

Date of 

Collection 

4/13/94 

4A3/94 

5/13/92 

5/13/92 

5/13/92 

5/13/92 

5/13/92 

5/13/92 

5/13/92 

12/2/93 
12/2/93 

12/2/93 

12/2/93 

12/2/93 

12/2/93 

12/2/93 

12/2/93 

12/2/93 

12/2/93 

12/2/93 

12/2/93 

12/2/93 

12/3/93 

12/3/93 

12/3/93 

12/3/93 

Dry Bulk 

Density 

(g/cc) 

1.72 

1.94 

1.76 

2.17 

1.94 

1.86 

1.99 

1.80 

1.57 

1.82 

1.76 

1.74 

Specific 

Gravity 

2.68 

2.69 

2.67 

2.67 

Fraction 

Organic Carbon 

(ft) 

0.028 

0.033 

0.051 

0.056 

0.036 

0.039 

0.072 

Moisture 

Content 

(%) 

2.87 

7.78 

5.06 

4.47 

5.82 

NA 

8.80 

5.10 

6.72 

8.8 

3.7 

10.2 

5.5 

7.3 

8.2 

8.7 

7.1 

9.5 

6.5 

7.3 

8.3 

7.5 

3.0 

5.6 

5.6 

4.2 

Grain Size 

Gravel Sand Fines 

(%) (%) (%) 
42.0 

0.1 

56.7 

1.3 

26.6 

7.1 

4.4 

15.6 

0.6 

5.7 

2.1 

12.5 

8.9 

1.6 

36.2 

23.9 

8.3 

15.9 

46.2 

72.9 

37.5 

89.0 

58.8 

68.9 

61.6 

61.1 

82.4 

63.0 

80.4 

69.3 

71.3 

81.9 

57.1 

60.5 

74.2 

66.3 

11.8 

27.0 

5.8 

9.7 

14.6 

24.0 

34.0 

23.3 

17.0 

31.3 

17.5 

18.2 

19.8 

16.5 

6.7 

15.6 

17.5 

17.8 

Permeameter 

Hydraulic Cond. 

(cm/s) 

1.14X104 

4.11X104 

2.2X10-4 

NA 

3.2X10-5 

5.36X10-5 

2.08X10-5 

6.6x10-5 

6.7x10-4 

6.4x10-5 

5.6x10-4 

3.5x10-5 

1.4x10-5 

9.3x10-5 

2.5x10-4 

3.5x10-4 

1.7x10-4 

2.3x10-3 

6.2x10-4 
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TABLE 3-4 

UNIFIRST PROPERTY 

UNCONSOLIDATED-DEPOSITS ANALYSES 

PHYSICAL-PROPERTIES RESULTS 

Location 

TPM 

Sample 

ID. 

TPL3A 

TPL4A 

TPM2A 

TPM3A 

TPM4A 

Depth 

(feet) 

14 

2.2 

4 

2 

0.8 

Date of 

Collection 

12/3/93 

12/3/93 

4/25/94 

4/25/94 

4/25/94 

Dry Bulk 

Density 

(g/cc) 

1.56 

1.59 

1.84 

1.85 

1.86 

Specific 

Gravity 

2.68 

Fraction 

Organic Caibon 

(%) 

Moisture 

Content 

(ft) 
6.0 

5.5 

5.91 

6.37 

15.78 

Grain Size 

Gravel Sand Fines 

(%) (%) (%) 
0.7 

20.7 

35.1 

24.8 

0.0 

75.2 

59.4 

51.5 

62.6 

56.9 

24.1 

19.9 

13.4 

12.6 

43.1 

Permeameter 

Hydraulic Cond. 

(cm/s) 

3.3x10-3 

3.9x10-3 

2.2x10-4 

2.8x10-4 

2.7x10-3 

1) Graveb4.75mm. 

2) 4.75>Sand>0.074mm. 

3) 0.074mm>Knes. 

d = Sample appeared dry. Available mass less than minimum recommended 
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Table 3-5 
UNIFIRST PROPERTY 

SOIL-GAS SAMPLING RESULTS 

Location 

TPI 

VB1 

VB2 

VB2 

VB3 

VB3 

VB3 

SV1A 

SV1B 

SV1B 

SV1B 

SV2 

SV2 

SV3 

SV3 
SV4 

SV4 

SV5 

SV5 

SV6 
SV6 

SV7 

SV7 

SV8 

SV8 

SV9 

SV10 

SV11 

SV12 

S V O 

Sample 

IJ>. 

Test Pipe #1 

Test Pipe #2 

3289-3 

3289-4 

VB2 

3289-5 

3289-6 

Depth 

(feet) 

-1.5 

-1.5 

3.25 

4.8 

4.8 

10 

10 

10 

2 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

6 

3.5 

4.5 

6 

Date of 

Collection 

Dec-04-86 

Dec-04-86 

Mar-02-89 

Mar-02-89 

Sept-23-92 

Mar-02-89 

Mar-02-89 

Sept-23-92 

May-22-92 

May-28-92 

May-29-92 

Sept-21-92 

May-27-92 

Sept-22-92 

May-27-93 

Sept-22-92 

May-27-92 

Sept-22-92 

May-27-92 

Sept-22-92 

May-27-92 
Sept-22-92 

May-27-92 

Sept-22-92 

May-27-92 

Sept-22-92 

May-27-92 

Sept-21-92 

Sept-21-93 

Sept-21-94 

Sept-21-95 

Concentrations (ppmv) 

PCE TCE TCA 1,2-DCE 

ND 

ND 

34 

22 

3.0 

6.02 

4.9 

0.11 

NA 

4.2 

1.7 

33 

0.088 

1.9 

0.04 

1.3 

0.018 

0.57 

0.095 

3.4 

0.01 

0.48 

0.068 
1.4 

0.004 

0.65 

0.002 

75 

435 

75 

162 

ND 

ND 

NA 

NA 

0.13 
NA 

NA 

NA 

NA 

NA 

0.06 

1.1 

ND 

NA 

ND 

NA 

ND 

NA 

ND 

NA 

ND 
NA 

ND 

NA 

ND 

NA 

ND 

NA 

NA 

1.2 

NA 

ND 

ND 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 
NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

ND 

ND 

NA 

NA 

0.16 
NA 

NA 

NA 

NA 

NA 

NA 

0.61 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

0.3 

NA 

NA = Not analyzed for compound indicated 

ND = Not detected 

PCE = tetrachloroethylene 

TCE = trichloroethylene 

TCA = 1,1,1-trichloroethane 

1,2-DCE = 1.2-dichloroethylene 
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Table 3-6 
Chronology of Unconsolidated Deposits Investigations 

UniFirst Property 

Investigation 

Installation of monitoring wells IUS1, IUS2, IUS3 
north of the UniFirst Facility (in accordance with 
the first Consent Order) 

Installation of EPA wells S70 and S71 on the 
Property as part of Wells G&H RI. 

Installation of wells UC4-UC7 by UniFirst. 
Borings sampled by the EPA as part of 
Supplementary RI/FS for Wells G&H Site. 

Test-Pit TPI excavated by UniFirst in front of 
current loading dock near fill-pipe area for 
removed PCE storage tank. 

Shallow bedrock well UC8 installed by UniFirst 
inside the current Loading Dock. 

Wells UC15-UC20 installed by UniFirst. Borings 
sampled as part of the EPA's Supplementary 
RI/FS for Wells G&H Site. 

Borings VB1, VB2 and VB3 drilled adjacent to 
UC5, UC17 and UC7, respectively. Shallow 
borings VB4 and VB5 advanced in backfill at 
location of TPI 

Purpose/Fin dings 

To determine if sources of PCE ground water 
contamination existed upgradient to the Property. No 
contamination indicated in soil samples from well 
borings. 

Field screening of samples from boring for S71 
indicated contamination of the unconsolidated deposits 
by VOC 

Analysis of samples from borings indicated low levels 
of PCE contamination in shallow unconsolidated 
deposits on east end of Property. 

Solvent-like odor noted upon breaching pavement, no 
DNAPL encountered, soil-gas measurements in side 
walls of pit did not indicate PCE contamination. 

DNAPL encountered in UC8 

Analysis of borings samples indicated PCE 
contamination only in UC17. 

UniFirst begins use of methanol preservation method 
for VOC analysis. PCE contamination detected in 
unconsolidated deposits in borings VB3, VB4, and VB5, 
(TCA also detected in VB4 and VB5). 

Date 
Performed 

November,1983 

February,1985 

November, 1986 

December, 1986 

January, 1987 

September-
October, 1987 

February, 1989 

Report 

ERT (1984) 

Ebasco (1988) 

Ebasco (1988) 

March 1991 letter 
from EPC (T. 

Cosgrave) to EPA 
(B. Newman) 

ERT(1988) 

ERT (1988); 
Ebasco (1988) 

Cherry et al., 
1989; July 31, 

1990 letter report 
from EPC to EPA 

(B. Newman) 

Table 3-6 Page 1 of 5 



Table 3-6 
Chronology of Unconsolidated Deposits Investigations 

UniFirst Property 

Investigation 

Soil-gas samples collected from installations in 
VBl,VB2andVB3. 

First Numerical Modeling Study to investigate the 
potential impact of vapor diffusion from 
groundwater on overlying unconsolidated 
deposits 

Indoor air-quality surveys performed by EPA and 
UniFirst/Grace 

Purpose/Findings 

Samples indicated PCE contamination of vapor up to 34 
ppmv (indicating potential for upward migration of 
vapors and recontamination of unsaturated zone). 

Study indicated that on-Property groundwater 
contamination could give rise to recontamination of 
overlying unconsolidated deposits 

No indication of groundwater causing air 
contamination or exposure risk in nearby homes or in 
the Grace or the UniFirst buildings. 

(Record of Dedsion Issued for the Site) 

Second Numerical Modeling Study to determine 
most appropriate sequencing of unconsolidated-
deposits and groundwater remedies. 

Results indicated that a deanup of underlying 
groundwater to 85 |J.g/L would be required to protect 
against recontamination of unconsolidated deposits 
following a remedy 

Date 
Performed 

March, 1989 

March, 1989 

April, 1989 

September, 1989 

July, 1990 

Report 

Cherry et al., 
1989; July 31, 

1990 letter report 
from EPC to EPA 

(B. Newman) 

Feenstra (1989); 
July 31,1990 

letter from EPC tc 
EPA (B. 

Newman) 

ENSR Letters to 
EPA, July, 1989 

and August, 1989; 
July 20,1989 

letter from Drs. 
North and Jaeger 

to J. Bates 
(GP&H) enclosed 

in July 24,1989 
letter from J. 

Bates to EPA (T. 
Conway). 

July 31,1990 letter 
report from EPC 

to EPA (B. 
Newman) 
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Table 3-6 
Chronology of Unconsolidated Deposits Investigations 

UniFirst Property 

Investigation Purpose/Findings 

(Consent Decree executed) 

(ESD issued for Site) 

(Consent Decree Entered) 

Excavation of Test Pit A and Test Pit B. 

Soil Vapor Probes SV1-SV9 installed and 
sampled. 

Soil Borings B1-B7. 

Test Pits C , D, and E Excavated. 

Excavation of trench for influent lines for 
groundwater extraction system from UC22 to 
treatment room. 

Samples collected for physical analysis, and nature of 
the unconsolidated-deposits/bedrock contact 
examined. 

Low levels of vapor contamination detected, highest 
concentrations detected along a zone trending 
southwest from the loading dock area. 

PCE concentrations >1000 Hg/kg limited to east end of 
UniFirst Property. Probable residual DNAPL in sample 
from B4. Highest PCE concentrations, (and some TCA) 
detected in upper 2.5 feet south of loading dock (B4 and 
BT). 

Only moderate levels of PCE detected (ND to 810 
Hg/kg). Bedrock contact found to be fractured and 
weathered. 

Discovery of the waste-oil-contamination area. Samples 
of contaminated materials analyzed for VOC, SVOC, 
Pesticides, PCB and petroleum-hydrocarbon 
fingerprinting. 

Date 
Performed 

September, 1990 

April, 1991 

October, 1991 

May, 1992 

May, 1992 

June, 1992 

July-August, 
1992 

August, 1992 

Report 

Draft Pre-Design 
Work Plan (1992) 

Draft Pre-Design 
Work Plan (1992) 

Draft Pre-Design 
Work Plan (1992) 

Draft Pre-Design 
Work Plan (1992) 

Draft Pre-Design 
Work Plan (1992); 

January 1993 
Interim Data 

Report 

Table 3-6 Page 3 of 5 



Table 3-6 
Chronology of Unconsolidated Deposits Investigations 

UniFirst Property 

Investigation 

Installed vapor probes SV10-SV13 in waste-oil-
contamination area, and conducted Property-
wide soil-vapor survey. 

Excavation and Sampling of Test Pits F and G in 
waste-oil contamination area. 

Installation of 9 unconsolidated-deposits 
monitoring wells on Property (at new and 
existing locations UC6, UC10, UC19, UC24 and 
UC25). 

Purpose/Findings 

Highest vapor concentrations in immediate vicinity of 
the waste-oil contamination, concentrations decrease in 
a southwesterly direction. 

Small, discontinuous zones with residual DNAPL 
sampled in TPF and TPG. (PCE concentrations vary 
from non-detect to 2,300,000 Hg/kg over distances of 
less than a few feet). 

Installed to allow for water-level-monitoring in the 
unconsolidated deposits to determine effects of UC-22 
pumping system on unconsolidated deposits. 

(Startup of UC22 Groundwater Treatment System) 

Excavation of Test Pit H and collection of surface 
sample TPI. 

Petroleum-Hydrocarbon-Characterization 
Analyses performed on waste-oil contamination, 
soil samples, UC8 DNAPL, and pavement 
samples. 

Bituminous-concrete pavement samples collected for 
petroleum-hydrocarbon fingerprinting; unconsolidated-
deposits samples collected for VOC analysis. PCE and 
TCA contamination in shallow subsurface near TPI, low 
levels of PCE contamination at TPH. 

Similarity in chemical character found between waste-
oil contamination and UC8 DNAPL. No evidence for 
DNAPL to have leached asphaltic components from on-
Property pavement. 

Date 
Performed 

September, 1992 

September, 1992 

September, 1992 

September 30, 
1992 

July, 1993 

July 1993-
December 1993 

Report 

Draft Pre-Design 
Work Plan (1992) 

Draft Pre-Design 
Work Plan (1992); 

January 1994 
InterimData 

Report 

Draft Pre-Design 
Work Plan (1992) 

January 1994 
Interim Data 

Report; March 
1994 Interim Data 

Report 

January 1994 
Interim Data 

Report 
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Table 3-6 
Chronology of Unconsolidated Deposits Investigations 

UniFirst Property 

Investigation 

Excavation of Test Pits J, K, and L to investigate 
possible extent of the waste-oil contamination 
area and collect data on physical properties. 

Borings UC26 through UC31 drilled and sampled. 
Installed 8 unconsolidated-deposits monitoring 
wells (new locations UC26, UC29, UC30, UC31). 

Groundwater sampling of new unconsolidated-
deposits monitoring wells and UC25. 

Borings UC32-UC36 drilled beneath the UniFirst 
building. 

Excavation and Sampling of Test Pit M 

Purpose/Findings 

Samples analyzed for physical characteristics and 
chemical contamination. No indication of DNAPL or 
significant lateral spreading in the unconsolidated 
deposits. Extreme variability in physical characteristics. 

Borings consistent with earlier findings regarding 
nature and extent of contamination; contamination 
found in immediate vidnity of previous waste-oil 
contamination and low levels at water table in middle 
of Property. 

Shallow, unconsolidated deposits groundwater 
contamination limited to area directly downgradient of 
east end of the UniFirst building. No other sources 
indicated. 

Boring samples analyzed for VOC and physical 
properties. Low to moderate PCE contamination 
found. No indications of DNAPL. 

Local, shallow area of contaminated unconsolidated 
deposits excavated, no continuous zones of mappable 
contamination evident and no continuous zones noted 
at depth. Physical samples also collected. 

Date 
Performed 

December, 1993 

December, 1993 

January-
February 1994 

March-April 
1994 

April, 1994 

Report 

March 1994 
Interim Data 

Report 

March 1994 
Interim Data 

Report 

March 1994 
Interim Data 

Report 

June 1994 Interim 
Data Report 

June 1994 Interim 
Data Report 
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4,0 Conceptual Model for Nature and Extent of Contamination 

The current conceptual model for the nature and extent of contamination in the 
unconsolidated deposits underlying the UniFirst Property has evolved through a 
process of continual testing and refinement with the completion of each new 
phase of investigation, as described in Section 3.0 above. The following 
paragraphs summarize the present conceptual model regarding conditions 
within the unconsolidated"deposits beneath the Property and the nature and 
extent of contamination within those ;deposits. The conceptual model for the 
Property described below represents a coherent account of all the findings at the 
Property to date, t h e relevance of specific aspects of the conceptual model to the 
prognosis for remediation is presented in a general context in this section. The 
specific relevance of the pertinent features of the conceptual model to the 
prognosis for SVE as a remediation technology is discussed in Section 6.0. 

4.1 Nature of Contamination and Conceptual Model for Transport 

4.1.1 Release Areas 

Investigations across the entire UniFirst Property have identified only two 
locations of limited areal extent on the east end of the Property to which 
chlorinated solvents apparently were released at the ground surface. These two 
areas, the waste-oil-contamination area and an area immediately to the south of 
the currenTloacfmg dock, correspond to'.those areas on the Property where the 
onlv_ high concentrations of PCE in unconsolidated deposits have been found. 
Probable releases at these two locations are indicated by the occurrence of 
individual samples at scattered locations within these two areas that exhibit 
concentrations in excesS-Of.60.000 M-g/kg PCEf as well as, in some cases, by obvious 
staining or odor, indicative of residual DNAPL. Contaminant levels in the 
immediate vicinity (within a few feet) of these release areas are highly variable, 
ranging from non-detect to tens of thousands of ng /kg . The lateral extents of 
these release areas are shown in Figure 4-1. 

Releases in the area of the waste-oil contamination pre-date acquisition of the 
site by UniFirst in 1965, as discussed in Section 2.0 above. It is not possible to 
determine when any releases in the_area of the current loading dock may have 
occurred, but any such releasa&jniist pre-date 1983, when_pas£emenLsc.arring was -
documented in thisarea and no scarring after that date has been observed. The 
ar^aun-the-Aoc4jiiJy--Q£-the dry well in the former loading dock and near UC8, 
where it had been originally hypothesized that a release may have occurred, does 
not now appear-to-be-an-area of solygnt_release to the unconsolidated deposits or 
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Waste-Oil - Contamination Area—UC8 DNAPL 

Chemical characterization of petroleum-hydrocarbon compounds in the UC8 
DNAPL, and of samples from the unconsolidated deposits from the waste-oil-
contamination area, the pavement of the former loading dock, and the
intervening unconsolidated deposits, has provided convincing evidence that the 

JJQj3_DNAPL was derived from a surface release of solvents and other 
contaminants in the zone of waste-oil contamination, and no r f rom releases at

"Ihe former loading dock, ajZEadZbagn^previousl^rl^^ strong
^chemical similarity was found between both the light and heavy_petroleum-
hydrocarbon fraction found in both the UC8 DNAPL and unconsolidated"-
jdeposits samples from t h e z o n e of waste-oil contamination. The presence oF 
compounds such as bis(2-ethylhexyl) phthalate in both the UC8 DNAPL and the 
zone of waste-oil contamination also indicated a common chemical source. In 
contrast, comparison of the chemical signatures of these samples to analyses of 
pavement samples from the former loading dock area indicated that the 
petroleum hydrocarbons fraction of the UC8 DNAPL could not have been_ 
derived_from dissolution o t t h e hydrocarbons in the bituminous-concrete 
pavement of the former loading dock. In other words, these findings disprove" 
the earlier hypothesis that the UC8 DNAPL had penetrated through, or run 
along the surface of the former loading dock pavement and drained into the dry 
well. 

Two samples within the waste-oil contamination area that were selectively 
collected from the odorous grey material uncovered during excavation of the 
influent-trench from UC22, and from, or adjacent to, stained, odorous lenses of 
dark grey unconsolidated deposits in TPF and TPG, exhibited PCE concentrations
sufficiently high (>60,000 }ig/kg) to indicate the presence of residual DNAPL in
this area. These samples, indicative of a DNAPL release area, were all collected
within a small _area immediately_adjacent to the edge of the pavement layer

^outside the northeast corner of the building. -  

As mandated by the site Health & Safety Plan and applicable regulations, all such 
contaminated material encountered during these excavations was removed,
containerized, and later shipped to a licensed off-site facility for disposal
consistent with chemical analyses of the material and applicable regulations. 

Samples taken from outside of those areas where indications of DNAPL were
found, but from within close proximity (5 to 10 feet) to them, exhibited highly
variable concentrations from non-detect (<200 p.g/kg) to 8,900 | ig /kg PCE, but the
majority indicated moderate contamination in the range of 1,000 M-g/kg to
5,000 Mg/kg PCE. 
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South End of Current Loading Dock 

A total_of 6 samples collected^from the upper 3 feet of unconsolidated deposit^ 
underlying the pavement in an area immediately south of the current loading 

^dock have also exhibited. PCE concentrations that exceed the threshold indicative 
"of DNAPL (i.e., >60.000 fig/kg). The residual DNAPL irTthis arealndicative of a
release does not appear to be laterally continuous within the approximately 20 by
35-feet area from which these samples were contained. PCE concentrations 
ranging from less than 100 Mg/kg to 23,000 Mg/kg were found in samples located
within a few feet of, and between, those samples indicative of residual DNAPL.
In addition to PCE, 1,1,1-trichloroethane (TCA) was found in the unconsolidated-
depipsits samples from the south end ofthe loading dock in .concentrations of tip
to 12,000 ug /kg . This level of TCA distinguishes this release area somewhat from
any other areas of contamination on the Property. No detectable concentrations 
of TCA have been found in unconsolidated-deposits samples from the zone of 
waste-oil contamination or from the vicinity of UC8. Only very low levels of 
TCA were found in the UC8 DNAPL. These data strongly indicate that separate 
releases occurred in the waste-oil contamination area and the current loading 
dock area. JTCA is not otherwise discussed in this report because no cleanup
levels or ARARs for TCA are exceeded. 

UCSArea  

Unconsolidated-deposits samples collected immediately adjacent to UC8 and the  
former loading-dock area showed relatively low VOC concentrations (<3,400
Mg/kg PCE). These data, together with the association of the UC8 DNAPL with
the zone of waste-oil contamination, indicate that the immediate area around
the former loading dock close to UC8 is not a zone of solvent release, but rather 
that the DNAPL encountered in_U-C8-Q£iginatpd from the material uncovered in 
thgwaste^oij-contamination area.^  

4.1.2 Migration Pathways in the Unconsolidated Deposits 

The geological structure and hydrogeological properties of the unconsolidated 
deposits will control the migration of DNAPL, vapor and water through the 
unconsolidated deposits. The unconsolidated deposits outside the building have 
a variable, but generally low, permeability. Tests of undisturbed core samples 
yielded a range in hydraulic conductivity of 4 x 10~3 cm/s to 7 x 10"° cm/s with an 
oyerall_geometric mean of 2 x 10'4 c m / s (see Table 4-1). The unconsolidated 
deposits outside the building have a variable, but generally high, moisture 
£ontent. Tests of core samples yielded_a range in water saturation (per cent of 
porosity filled~5y water) of 22 per cent to 96 per cent wilh an overall geometric 
mean of 39 per cent. 
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The unconsolidated deposits are highly variable both laterally and vertically. 
Hydraulic conductivity can vary by several orders of magnitude over a distance 
of a foot or two. Although the unconsolidated deposits are variable, they do_not 
exhibit significant"~horizontal layering^ The highly^variable geological structure in 
the unconsolidated deposits is illustrated by photographs from test pit TPK 
shown in Figures 4-2a and 4-2b. In the areas of the postulated releases, jhe 
unconsolidated deposits range from abouTTTeeTtcTTO teet in thickness. 

DNAPL from either release area would be expected to migrate predominantly 
downward following localized pathways represented by the zones of highest 
permeability (Poulsen and Kueper, 1992; Kueper et al., 1993). These pathways 
may be measured on the scale of inches and may be highly variable. However, 
aside from spreading, which might occur on the ground surface at the release 
area, the_jle£reg—oOalejal spreading of DNAPL within the unconsolidated 
deposits would be_expected to be relatively small, because of the lack of 
horizontal layering in the geological structure. 

Upon encountering the bedrock surface, DNAPL would continue to migrate 
downward wherever it could penetrate into the bedrock. The finding of DNAPL 

jn_UC8-and the magnitude and-persisience of high dissolved concentrations in^ 
the groundwater in the bedrockbeneath the Property indicate that DNAPL has in 
fact penetrated deep into^ the bedrockTDNAPL may also migrate laterally near the 
surface of the bedrock for some short distance depending on the volume 
released, the slope and shape of the bedrock surface, and the nature of the 
fractures present. However, attempts to find evidence of lateral DNAPL 
jnjgrali(an_along o r near the bedrock contact, by excavation of test pits and 
screening and sampling along the bedrock contact, both in the immediate 
vicinity of the waste-oil contamination area and other locations on the east end 
of the Property, found no evidence nf such migration within the unconsolidated 
deposits. 

Based on the highly fractured and slightly to highly weathered nature of the 
bedrock surface encountered in test pits and borings in the immediate vicinity of 
the two release areas, it is also reasonable to expect that DNAPL could penetrate 
rather easily into the bedrock. Once within the bedrock below the water table, 
however, locally significant (tens of feet) lateral migration of the DNAPL may 
have occurred, as evidenced by the presence of DNAPL from the waste-oil 
contamination area at UC8. The migration of DNAPL through the highly 
fractured and variably weathered bedrock will be controlled by the permeability 
(aperture and degree of filling), orientation and interconnection of the fractures. 
DNAPL migration pathways through the bedrock are expected to be highly 
variable, as evidenced by the fact that free-phase DNAPL has not been found in 
any other bor ings a round the waste-oil con tamina t ion area. Small. 
arriijrmlaHons of free-phase DNAPL, such as that interaected-by UC8, are most, 
likely to occur in zones of closely fractured and weathered bedrock, but will also 
be variable in size and location. ~ 
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The zones within the unconsolidated deposits through which DNAPL has 
migrated and left behind residual DNAPL will exhibit the highest concentrations 
of VOC in soil samples. Further migration of contamination from these areas 
can be expected to occur by vapor migration and, outside the building and paved 
areas, by infiltration of precipitation. These processes will generally tend to 
redistribute VOC and cause lower-level contamination of the unconsolidated 
deposits in irregular diffuse zones surrounding DNAPL release areas. The actual 
size of these diffuse zones, and their geometry with relation to the area of 
residual, will be strongly controlled by factors such as: the total volume and 
distribution of the residual; the moisture content and permeabili ty of the 
deposits; the amount of infiltration; and the length of time the contaminant has 
been in the ground. In particular, the spatial variability in moisture content and 
porosity will controTvapor migration and result in diffuse zones that are 
vanablejn_size^ and shape. 

Vapor migration through the unconsolidated deposits will be relatively slow and 
will not likely be able to redistribute VOC effectively over distances greater than 
about 10,to 20 feet because of the high water content in most areas within the 
unconsolidated deposits. This expectation is consistent with the actual experience 
on the Property that soil-vapor probes did not detect DNAPL within 20 to 30-feet 

f where residual DNAPL was eventually found to be present.  

r ^
Because the pathways followed by DNAPL through the unconsolidated-deposits 
may__be_sinall in size, and the volume of residual DNAPL also small, DNAPL 
within a release area may actually disappear over a period of many years as a 
result of vaporization and dissolution as it is redistributed within the soil gas, 
pore water, and soil solids surrounding the original release area. 

In addit ion to migration of vapors away from residual DNAPL in the 
unsaturated zone, there will also be vapor migration upward from areas of 
contamina ted g roundwate r which will also cause low to modera te 
contamination of the unconsolidated deposits. 

Although the capacity for vapor migration beneath the Property is not sufficient 
to permit large diffuse zones laterally out from the release areas, it would allow 
for vapor migration and resultant contamination of unconsolidated deposits to 
occur over short distances, such as the distance upward through the 4- to 10-feet 
typical thickness of unconsolidated deposits from underlying contaminated 
g r o u n d w a t e r . Urrward vapor migra t ion from sha l low g r o u n d w a t e r 
contamination is now recognized as an important factor to consider for VOC (Ub 
EPA, 1993). Upward migration of chlorinated solvent vapors from shallow 
groundwater contamination has been documented in field experiments (Rivett, 
1994; see Appendix G) and at actual field sites. At the Picatinny Arsenal in New 
Jersey (Smith et al., 1990), substantial levels of soil contamination were attributed 
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to upward migration of TCE (trichloroethene) vapor from the shallow 
groundwater. 

Spatial variability in moisture content and porosity in the unconsolidated 
deposits will cause irregularity in the pattern of vertical migration of vapor 
upward from the groundwater, and the resultant contaminant concentrations in 
the unconsolidated deposits. A consistent trend of decreasing soil concentration 
upward from the water table, such as observed in the sand aquifer at the 
Picatinny Arsenal, would not be expected in till and artificial fill such as found 
on the UniFirst Property. In variable deposits, the vertical profile__of vapor and 
soil concentrations will likely reflect both upward migrat ion and lateral 

"migration of vapor along t h e m o s t favorable pathways-JThis could result in_a 
pat tern at some locations where the highest soil concentrations occur_a.t 

_eleyatiohs well_ above tKewater table. There will also be spatial variability in the 
pattern of vapor and soil contamination resulting from upward vapor migration 
from the groundwater due to variability in the pattern of contamination and 
concentrations in the shallow groundwater. 

Because of the limited influence of lateral vapor migration from the release areas 
and the small size of the two release areas, the low to moderate (up to several 
thousand ug /kg) concentrations of PCE that are found in the largest volume of 
contaminated unconsolidated deposits beneath the Property are inferredJto be 
caused by upward migration of vapor from the contaminated groundwater. The 

"zone oTThis diffuse contamination is shown in Figure 4-1. 

4.2 Extent of Contamination in the Unconsolidated Deposits 

4.2.1 Distribution of Contamination 

The majority of the contaminant mass in the unconsolidated deposits occurs on 
the east end of the Property, but low to moderate contamination also occurs over 
an area extending southwestward from the east end of the Property in the 
general direction of groundwater flow (see Figure 4-1). The general extent and 
distribution of this contamination can be best understood in the context of the 
probable pathways for migration, discussed above, as they relate to the occurrence 
of both the postulated release areas in the unconsolidated deposits, and the 
shallow groundwater contamination beneath the Property that arises from 
DNAPL that has penetrated beneath the water table and into the bedrock. 

The highest VOC concentrations encountered in the unconsolidatecLdeposits-are— 
located in two small areas within the immediate vicinity of the waste-oil 
contamination and near the south end of the current loading-dock. These two 

"release areas and their relation to the general mechanisms for contaminant 
transport in the unconsolidated deposits are illustrated in Figure 4-3. In the 
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waste-oil-contamination area, contamination consists principally of petroleum 
hydrocarbons and PCE. At the south end of the loading dock, contamination 
consists principally of PCE with a distinguishing TCA component. 

Evidence from numerous test pits and borings confirms that high levels of 
contamination are not continuous between the two release areas; that is, the two 
are separate and distinct within the unconsolidated deposits. Furthermore, the 
results oX test pits_p.utside and inside the building indicate that DNAPL from the 
zong_ of waste-oil contamination does not extend underneath the building 
_within the unconsolidated deposits. 

The two release areas are each characterized by small, discontinuous zones, 
which contain residual DNAPL with concentrations in excess of 60,000 Ug/kg 
PCE, and the contiguous areas of diffuse contamination caused by vapor 
migration from the residual DNAPL. These zones of diffuse contamination are 
found within approximately 10 feet to 20 feet of the residual DNAPL, and exhibit 
moderate PCE contamination (up to several thousand Mg/kg). 

Over the remainder of the east end of the Property, outside of the release areas, as 
well as some distance to the southwest, contamination of the unconsolidated 
deposits by PCE occurs at low to moderate levels. The principal source of this 
contamination is likely upward migration of vapors from the underlying 
contaminated groundwater . Although PCE contamination levels caused by 
upward migration from the contaminated groundwater are not as~high generally^ 
as those found immediately around the re lease_areas , the volume of 
unconsolidated deposits affected in this way is larger. 

4.2.2 Estimate of Contaminant Mass Remaining in the Unsaturated Zone 

Despite the fact that over 100 samples of unconsolidated deposits from the east 
end of the Property have been analyzed, it is not possible to calculate the 
chemical mass in the unconsolidated deposits precisely, both because the spatial 
distribution of PCE is extremely variable due to geological variability, and 
because the release areas are so small. Nonetheless, it is instructive to provide a 
plausible upper bound estimate of the chemical mass that might have been 
contained, and still remains, in the release areas. Such estimates of the mass of 
contaminant contained within the release areas prior to and following 
construction and exploration activities in these areas are provided below. 

For the waste-oil contamination area, all five unconsolidated-deposits samples 
that exceed about 10,000 Mg/kg PCE are clustered in a small area in the immediate 
vicinity of test pits TPF, TPG and boring UC27. This zone is also where the most 
odorous materials were found during excavation of the effluent trench from 
UC22 (influent line to the treatment plant). This is the zone where DNAPL is 
most likely to have been present as a result of the postulated release. A 
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concentration level <fl 10,000 Mg/kg was chosen to define this zone, rather than 
60,000 u g / k g , so as tb~estimatc cenfaminant mass generously. That is, the actual 
contaminant mass is likely to be smaller than the estimated contaminant mass. 

JThe zone delineated hy the findings in TPF, TPG and UC27 can be enclosed in an 
area measuring about 15 feet by 35 feet in size. The vertical distribution of 
contaminants observed during the construction of the UC22 effluent trench and 
the exploration test pits, indicated that even within the defined release area, the 
zones of highest concentration are discontinuous over distances of a few feet 
laterally and a-^oryrof~twaJn thickness. The average PCE concentration in this 
zone is aboiî SOO^OOO ug/kg /^CE concentrations within this area range from non
detect to 2^ooJoo~ug7icgr 

It should be recognized that the average PCE concentration calculated for the 
release zone is probably higher than the actual conditions because the samples of 
the unconsol ida ted deposits were collected selectively from the most 

. contaminated zones based on field OVA readings and visual inspection.  

Using these dimensions for the entire area defined as the waste-oil
contamination release area (15 feet x 35 feet by 2 feet) and average concentration
(500,000 Ug/kg), and a bulk density of 1.86 g/cm 3 , the mass of PCE that could have
been present in the waste-oil contamination area, prior to construction and 
exploration activities is generously estimated to be about 60 pounds (equivalent 
to about 4.5 gallons of PCE). 

As a result of construction of the influent trench from UC22 and the exploration 
test pits TPF and TPG, some of the most contaminated material in this area has 
been removed. Based on the defined size of the waste-oil contamination release 
area and the observations during construction and exploration of the area, it is 
estimated that more than 50 per cent of the most contaminated material (i.e., that 
likely containing residual DNAPL) has been removed representing more thari 3Q
pounds of P C E . _

On consideration of these calculations, it is estimated that less than 30 pounds of 
PCE (or about 2 gallons) may remain in the unconsolidated deposits in the waste-

_o_il contamination area. Because of the conservative nature of the calculations, 
the actual mass that remains should be much less. 

A comparable calculation can be made for the area of the current loading dock. 
Six samples of unconsolidated deposits in which PCE concentrations exceeded 
10,000 Ug/kg are clustered in a small area in the vicinity of B4, VB5, TPI and 
TPM. Again, DNAPL is most likely to be present in this zone. As in the waste-oil 
contamination area, samples of the unconsolidated deposits were collected 
selectively from the most contaminated zones based on field OVA readings and 
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visual inspection. As a result, the average PCE concentration calculated for the 
current loading dock is again probably higher than the actual conditions. 

c_ 
TjTP_7mTP_dp1ineated-hy the findings in B4. VB5. TPT and T P M ran hp enclosed in _ 
;vn__arpp m pa QH r ing-about 20 feet by 35 feet in size. Based on the vertical 
distribution of contaminants observed in the test pits and trenching operations, 
even within the defined release area, the zones of highest concentration are 
discontinuous over distances of a few feet laterally and a foojjo^two inj^uxkness. 
The average PCE concentration in this zone is abou£j300,000 ug /kg / ) PCE 
concentrations within this area range from 51 Ug/kg to 2^00^000 Ug/kg. 

Using the dimensions of the definedjLPlpacc> a r p ; i (9 n f p p f by q q fnn* h y ? f p p 0 ""d-
average concentration (500fQ00 Mg/kg)f and a bulk density of 1.86 g / r m 3 r the mass
of PCE_that could have been present in the current loading-dock area is

jcenerouslv estimated to be about 80 pounds (equivalent to about 6 gallons of 
PCE). In comparison to the waste-oil contamination area, a smaller portion of the 
most contaminated material has been removed as a result of exploration 
activities. Based on defined size of the release area and visual observation during 
excavation of test pit TPM, U is estimated that only about 10 per cent of the 
contaminant mass in the current loading dock area may have been removed by 
,these_activities._ 

T H P f-bprn]Vpi1 rrmss i" tbp nnrrmsnlidatpd dpposits ou t s ide the release areas can-
be calculated in a similar fashion. The low concentrations found in this diffuse 
zone likely result almost entirely from upward migration from contaminated 
groundwater at the water table, but may also be influenced to some degree by 
vapor migrat ion laterally from the release areas. The zone of diffuse 
contamination extends from east end of the Property and covers about 13,000 ft^ 
in area and varies in thickness from about 4 to 10 feet in thickness. 
Concentrations within this zone range trom non-detect up to about 9,000 Ug/kg 
with an average PCE concentration of about 1,100 ug /kg . Using the dimensions

for the entire diffuse zone (13,000 ft^ by 7 feet), the average concentration
(1,100 ug/kg) , and a bulk density of 1.86 g/cm 3 , the estimated mass of PCE outside
the release areas is about~T2~ pounds (equivalent to approximately 1 gallon of

"PCEJ: "

These estimated masses of PCE presently in the unconsolidated deposits in the 
release areas and diffuse zone are small relative to the mass of PCE removed 
from the bedrock and resulting zone of capture by pumping of UC22. During 20 
months of nppraHnnj _SSn_pniipH<; nf PCP. havp been removed from the bedrock 
groundwater. JThe monthly mass removal rate from TTC7? has hppn rpjajryply 
stable at 25 to 30 pounds /month since pumping began. The trend in mass 
removal rate is shown in Figure 4-4. Based on the magnitude and distribution of 
PCE concentrations in the deep bedrock, the mass of PCE already removed, and 
the stability in the rate of PCE removal from UC22, it is likely that the bedrock. 
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both on Property and off-Property, contains a minimum of several thousand 
jTounris of PCF. compared to the estimated mass of less than approximately one 

hundred pounds contained presently in the unconsolidated deposits. 

Not only is the estimated mass of PCE in the unconsolidated deposits very small 
compared to the mass likely present in the bedrock, but also the relative 
contribution of dissolved PCE to the groundwater from the unconsolidated 
deposits will be negligible in comparison to the contribution from DNAPL 
present in the bedrock or other off-Property sources. This will be discussed 
further in section 4.4. 

4.3 Summary of Nature and Extent of Contamination 

In summary, there are two separate areas from which releases of solvent are 
believed to have occurred on the UniFirst Property: the zone of waste-oil 
contamination, and immediately south of the current loading-dock. These 
release areas contain discontinuous zones of residual DNAPL and represent the 
areas of highest VOC contamination found in the unconsolidated deposits. It is 
generously estimated that about 60 pounds of PCE may have been formerly 
present in the waste-oil contamination area and that about 50 per cent has 
already been removed as a result of construction of the influent line trench for 
UC22 and exploration test pits. It is generously estimated that about 80 pounds of 
PCE may be present in the area of the current loading dock. Some of this area also 
has been removed by excavation of test pits. Zones of lower-level contamination 
surrounding these releases areas resulting primarily from lateral vapor transport 
away from the postulated release areas are relatively small (within about 10 to 20 
feet). 

Outside of the release areas, zones of lower-level contamination occur in the 
unconsolidated deposits across much of the east end of the Property, and 
extending southwestward across the middle of the Property coincident with the 
location of a shallow groundwater contamination. These areas of lower-level 
contamination are the result of vapor migration upward from groundwater 
contamination at the water table. The PCE mass associated with the 
unconsolidated deposits outside the release zones is estimated to be about 
12 pounds 

Because samples of unconsolidated deposits for chemical analysis were collected 
selectively from the most contaminated zones, the average PCE concentrations 
calculated for the various areas are likely higher than the actual conditions. As a 
result, the estimated PCE masses represent maximum values. 

Despite this fact, the estimated mass of PCE of less than approximately nr|p 
hundred pounds-probably remaining in the unconsolidated deposits is a very 

Page 4-10 



small relative to the likely mass of several thousand pounds or more present in 
the bedrock both on Property and off-Property. 

4.4 Contribution of the Unconsolidated Deposits to Groundwater Contamination 

The contribution of the unconsolidated deposits to contamination of the 
underlying groundwater has been negligible because of the small size of the 
releases areas, the location of the release areas at shallow depth above the water 
table, the relatively low permeability of the unconsolidated deposits, and the fact 
that the current loading-dock area has been covered by pavement, preventing 
significant infiltration through that zone. That small contr ibut ion of 
contamination of the unconsolidated deposits to underlying groundwater will 
also have been attenuated even further by the removal of a substantial portion of 
the contaminated materials during excavation of the influent-line trench and 
test pits. Any small contribution of contamination from the unconsolidated 
deposits to underlying groundwater (the amount of mass moving downward to 
the water table) is derived primarily from the release areas. In the area of diffuse 
contaminat ion, particularly beneath the bui ld ing, contaminat ion in the 
unconsolidated deposits is likely the result of upward vapor migration from the 
groundwater. There is no contribution of contamination to the groundwater 
from the area of diffuse contamination. 

To consider the potential impact of the contaminated unconsolidated deposits in 
the release areas on the underlying groundwater (the flux downward) , the 
magnitude of the chemical mass loading of PCE to the groundwater can be 
estimated based on the rate of water infiltration and size of the release areas. 

The(jvaste-oil contaminationjrek has been defined as approximately 15 feet by 
35 feet in size. Most ot fKijTzone is not covered by paverhent so that the rate of 
infiltration into the fill and till materials can be estimated to be about 8 
inches/year. This rate represents about 20 per cent of rainfall and is regarded as 
typical for New England till. With these values, the volume of water that would 
percolate through the release area would be very small, about 2,600 gallons/year 
(0.005 gpm). 

Any water percolating through this zone that contacts residual DNAPL will 
acquire a dissolved PCE concentration which may approach maximum solubility 
of about 200,000 Ug/L- However, based on OVA readings, visual observation and 
chemical analyses, it is known that the distribution of residual DNAPL, even 
within the release area, is highly discontinuous. As a result, only a small portion 
of the water percolating through the release zone will contact DNAPL. If ^ - p e x J J 

•^§npP&i the percolating water contacts DNAPL and reaches solubility 
concentrations and the remainder reaches only much lower levels, the PCE, 
loading to the groundwater would be 0.43 pounds/year (about 0.5 cups/year) or 
0.04 pounds/month . This estimate"is probably the upperj imit . If o n l ^ - p e r cenE5> 
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of the percolating water contacts DNAPL and reaches solubility concentrations, 
the PCE_lpading. to the groundwater-weuld-beJD.043 pounds /year (about 0.05 
cups/year) or 0.004 pounds/month. 

A comparable calculation can be performed for th^lcurrent loading-dock^arej 
The current loading dock release area has been defined to measure about 20 feet 
by 35 feet in size. Most of this zone is covered by pavement so that infiltration 
into the fill and till materials will be limited to that amount of precipitation and 
runoff that can penetrate through cracks or joints in the pavement. The area of 
test pit TPM was not repaved but covered with permeable "turfstone." The 
average infiltration for the current loading dock area is estimated to be about 2 
inches/year, a rate that represents about 25 per cent of the rate of infiltration for 
uncovered areas. With these values, the volume of water that would percolate 
through the release area would be very small, about 860 gallons/year (0.0016 
gpm)-

As was the case for the waste-oil contamination area, based on OVA readings, 
visual observation and chemical analyses, it is known that the distribution of 
residual DNAPL in the current loading dock area is highly discontinuous. As a 
result, only a small portion of t h e w a t e r percolating through the release zone 
will contact DNAPL. If (JcTp^cenJoJ the percolating water contacts DNAPL and 
reaches solubility concentrations and the remainder reaches only much lower 
levels, the PCE loading to the groundwater would be 0.14 pounds /year (about 
0.16 cups/year)_or 0.j)12 pounds /month . This estimate is probably the upper 
limit. If onlyC[_2§L-£fiiit^of the percolating water contacts DNAPL and reaches 
solubility concentrations, the PCE loading to the groundwater would be 0.014 
pounds/year (about 0.016 cups/year) or 0.0012 pounds/month. 

The estimated flux of PCE to the groundwater from the release areas would have 
been very small in any^event, and must have been further limited due to 
removal of portions of the PCE mass in the release areas as a result of 
construction and exploration activities. . >. 

The estimated rates of PCE flux to the groundwater from the unconsolidated 
deposits are extremely small in comparison to the mass removal rates of 
contamination from pumping well UC22. The monthly mass removal rate from 
UC22 has been relatively stable at 25 to 30 pounds /month since pumping began. 
Based_jon_the.. conse rva t i ye^a l cu l a t i onsdesc r ibed above the flux to the 
groundwater from the unconsolidated deposits would~contrirJute, at mosTTtmly"" 
0.2 per cent to 0.02 per cent to the PCE removed from UC2Z 

The analysis of groundwater water levels indicates that any contaminated water 
resulting from percolation through the release areas would be captured by the 
pumping of UC22. The present PCE concentrations in the effluent from UC22 are 
relatively stable at about 1,600 Ug/L. Based on the PCE flux calculations described 
above, in the hypothet ical si tuation where the release areas in the 
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unconsolidated deposits were the only contributor of the PCE found in UC22, the 
resultant PCE concentrations in UC 22 would range from 0.3 to 3 Ug/L, less than 
the MCL for PCE. This hypothetical calculation indicates that the likely 
contribution of PCE to_the groundwater from the relgas£__areas in the 
unconsolidatecTdeposits is low in absolute terms, in addition to being very low 

Jn_j^inipailsoJi-to_Jthe_contribution from T)NAPl7~hT"th.e bedrock orjather off-
Propexty_sourc£S-

Outside of the release areas, the low-level of PCE contamination in the 
unconsolidated deposits does not likely contribute any measurable chemical 
mass loading to the groundwater. Beneath the bui lding there can be no 
infiltration of water through the unconsolidated deposits, and outside of the 
building where groundwater contamination is present at the water table, the net 
flux of PCE is upward from the groundwater. 

4.5 Implications of Conceptual Model for Remediation 

The conceptual model for conditions beneath the Property and contamination in 
the unconsolidated deposits provides the basis for conclusions as to whether 
remedial measures for the unconsolidated deposits are necessary to control the 
effects of the contamination present, and also provides the basis for the 
evaluation and design of prospective remedial measures. 

The following points summarize the key features of the Property's conditions 
that are re levant to the consideration of remedia l measures for the 
unconsolidated deposits. 

Htri regard to the release areas :-

1. There are two areas in which PCE was released to the ground surface: 
the waste-oil contamination area and the one in front (immediately to 
the south) of the current loading dock. 

2. The release areas are small in lateral extent with the waste-oil 
contamination area measuring about 15 feet by 35 feet, and the current 
loading-dock area measuring about 20 feet by 35 feet. 

3. Evidence of residual DNAPL has been found only in small 
discontinuous zones within the release areas. 

4. The migration of vapors from the release zones has not resulted in 
contamination of the unconsolidated deposits significantly beyond the 
release zones. 

5. The mass of PCE estimated to remain in the release areas is small, less 
than approximately one hundred pounds , a small fraction of the 
several thousand pounds or more likely present in the bedrock or from 
other off-Property sources.
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6. The flux of PCE to the groundwater from the release areas is very small, 
0.05 pounds/month (0.066 cups/month) or less, due to the small size of 
the release areas and the relatively low permeabil i ty of the 
unconsolidated deposits. The calculated PCE flux to the groundwater 
from the unconsolidated deposits is about 0.02 per cent to 0.2 per cent of 
the 25 to 30 pounds/month of PCE removed by the pumping of UC22. 

fith regard to the zone of diffuse contamination^ 

7. The zone of diffuse contamination extends from the east end of the
Property measuring about 13,000 ft2 in area.  

8. Low to moderate concentrations of PCE result predominantly from  
vapor migration upward from the contaminated groundwater. 

fithregard to the groundwater contammalion? 

9. The presence of DNAPL in the shallow bedrock is indicated by the 
findings in UC8. The magnitude of dissolved PCE concentrations and 
the persistence of high concentrations in UC22 indicate the presence of 
DNAPL in the deep bedrock and from off-Property sources. 

10. Groundwater contamination is expected to persist indefinitely because 
of the presence of DNAPL in the bedrock. 

As recounted above in section 2.3, regulatory decision and settlement documents 
associated with the remediation of the contaminated unconsolidated deposits 
beneath the Property clearly established that the sole goal for any such remedial 
efforts is the protection of groundwater. The clean-up level for contaminated 

'ImconsoTidated'de.posi'ts o Q ^ T j i g / k g PCE specifiecLin the_19&9-EQD-was-meant 
to reflect the concentration, that, if present in unconsolidated depoails^_wQuLd-— 

Jeach to the groundLaatgrjmd cause exceedancefoTthe MCL for PCE (5 ug/L). The 
1989 ROD and 1991 ESD further indicate that the remedy for the contaminated 
unconsolidated deposits should commence at some appropriate time during 
operation of the groundwater remedial measures so as to avoid recontamination 
of the unconsolidated deposits. 

At the time these decisions were made, several aspects of the Property conditions 
were uncertain. The location and mass of PCE in the unconsolidated deposits 
was not known. The relative contributions of the unconsolidated deposits and 
the DNAPL in the bedrock to the groundwater contamination was not known. 
Also, it was not known how long significant groundwater contamination in the 
bedrock might persist. With respect to the selection of SVE as a cleanup remedy, 
there was little quanti tat ive information concerning the physical properties of
thejjtnconsolidated deposit^. 

Since the time that the decisions outlined in the 1989 ROD and 1991 ESD were 
made, however, a much greater understanding has been gained of the nature 
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and extent of PCE contamination in the unconsolidated deposits and the 
underlying bedrock. 

The site conditions described in this report provide the basis for present 
conclusions as to whether remedial measures for the unconsolidated deposits are 
necessary or useful to protect groundwater. 

Groundwater contamination is expected to persist indefinitely because of the 
likely mass of PCE in the bedrock as indicated by the persistent high 
concentrations of PCE in UC22, and the slow rate of PCE removal by UC22. The 
contribution of PCE from the unconsolidated deposits to the groundwater is 
negligible in comparison to the contribution from DNAPL present in the 
bedrock. Consequently, there would be no measurable improvement in 
groundwater quality as a result of even complete elimination of the small mass 
ofPCE present in the unconsolidated deposits. 

In addit ion, because groundwater contamination beneath the Property is 
expected to persist for decades or mnrp, j j j s j j k e l y thaf vapor migration upward 
/ r o m the contaminated groundwater will cause recontaminat ion of the 
jpverlying unconsolidated~dep"osits or artificial~fill rjlaced if any remedial 
measures, were implemented in the contaminated unconsolidated deposits. The 
level of contamination caused by vapor migration from the groundwater would 
be lower than the levels found currently in the release areas, but would be 
comparable to those found in the zone of diffuse contamination. 

Because of these conditions, no measurable benefit in terms of groundwater 
protection could result from remediation of the unconsolidated deposits in the 
foreseeable future. In__the e^eat- that restoration of the contamination_in_t_tie_ 
groundwater is_acbifived--at-SQnae-tin^e-ia-llig^istant future, it is__p_Q£siblp that no. 
further remediation would be required in the unconsolidated deposits in_order 

__to_ protect groundwater. Because the contribution of PCE to the groundwater 
from the unconsolidated deposits is estimated to be so small, the presence of a 
small mass of PCE in the unconsolidated deposits may not have any significant 
effect on potential drinking water supplies in the underlying groundwater. 
Future groundwater monitoring will determine this possibility. 

If, despite their known inability to achieve measurable benefit, remedial 
measures were to be considered for the unconsolidated deposits, the conditions 
found at the Property must also be evaluated with regard to their influence on 
the effectiveness of various potential remedies. The effectiveness of potential 
remedies undertaken while DNAPL persists in the bedrock will be limited by the 
effect of recontamination from the underlying contaminated groundwater. 

Any remedies involving removal or treatment of the contaminants in situ will 
be impaired~by the spatial variability irTthe distribution and relatively small 
mags of rnntaminants, particularly in the form of DNAPL. Soil-vapor extraction 
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or other in situ remedies will be substantial ly impai red because the 
unconsolidated deposits have a relatively low permeability. This condition 
results in low rates of flow of air, water or other solutions through the 
subsurface. 

The unconsolidated deposits also exhibit a high spatial variability in soil 
properties such as permeability and moisture content. Soil-vapor extraction and 
other in situ remedies all depend on close contact between the zones of 
contamination and the flowing air, water, or other solution. The spatial 
variability in permeability will create preferential pathways for flow so that many 
contaminated zones within the subsurface may be bypassed. The rate of removal 
of contaminants from the bypassed zones will depend on vapor-phase or 
aqueous-phase diffusion, and removal to low concentrations levels could take 
many years depending on the initial concentrations and the distances over 
which diffusion must occur. As a result, even remedies considered to be active 
cleanup measures may require application tor many ypar<; tn approach cleanup to 
low concentration levels in variabl )nce,ntration levels in variable media sugh as the unconsolidated deposits. 

In summary, because of the expected persistence of groundwater contamination 
in the bedrock and the potential for recontamination, no benefit in terms of 
groundwater protection can result from remediation of the unconsolidated 
deposits. Even if remedial measures were to be applied to the unconsolidated 
deposits, the relatively low-permeability and spatial variability in soil properties 
at the Property would severely limit the effectiveness of various potential 
remedies. 
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Figure 4-2a. Photograph illustrating the geological variability at the west end of test 
pit TPK centered at a depth of about 3 feet. 



Figure 4-2b. Photograph illustrating the geological variability near the middle of test 
pit TPK centered at a depth of about 2 feet. 
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Figure 4-4. PCE mass removal rate from pumping of UC22. 



Table 4-1 Summary of measured hydraulic conductivity and porosity 
values for the unconsolidated deposits. 

Sample 

TPA 27 

TPA 37 

TPA 44 

TPB 27 

TPB 37 

TPB 44 

TPJ1A 

TPK1A 

TPK2A 

TPK3A 

TPK4A 

TPK 5A 

TPK IOA 

TPM2A 

TPM3A 

TPM4A 

TPL1A 

TPL3A 

TPL4A 

Depth (ft.) 

2.25 

3.08 

3.67 

2.25 

3.08 

3.67 

1.9 

1.8 

2.8 

3.3 

4.1 

4.8 

4.4 

4.0 

0.8 

3.0 

3.2 

1.4 

2.2 

Geometric Mean 

Porosity (%) 

-

. 

. 

. 

-

_ 

36 

28 

34 

29 

28 

31 

34 

31 

31 

36 

35 

42 

41 

33 

Hydraulic 
Conductivity (cm/s) 

1.14 x 10"4 

4.11 xlO"4 

2.20 x IO"4 

3.20 x IO'5 

5.36 x IO"5 

2.08 x IO"5 

6.60 x IO"6 

6.40 x IO'5 

5.60 x IO"4 

3.50 x IO"5 

1.40 x IO"5 

9.30 x IO'5 

2.50 x IO"4 

2.20 x IO"4 

2.80 x IO"3 

2.70 x IO"3 

2.30 x IO'3 

3.30 x IO"3 

3.90 x IO"3 

2X10"4 
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5.0 Feasibility of Soil-Vapor Extraction (SVE) 

5.1 Basis for Assessment 

SVE was specified in the 1991 ESD as the selected remedy for remediation of the 
unconsolidated deposits. SVE was selected at a time when there was little 
quanti tat ive information of the physical properties of the unconsolidated 
deposits beneath the Property. At that time, SVE was not subjected to the remedy 
screening and feasibility testing prior to selection that is now standard procedure 
as set out in EPA guidance documents. 

The results of the detailed investigations conducted at the UniFirst property 
during 1992 - 1994 make it now possible for UniFirst to assess the feasibility of 
SVE for future remediation of the unconsolidated deposits in a way that was not 
possible when the remedy was selected in 1991. 

It is now normal practice to assess the feasibility of remedial technologies using a 
three-tiered approach that consists of: remedy screening, remedy selection and 
remedy design. The application of these steps in the evaluation of SVE is 
described in the US EPA Guide for Conducting^ Treatability Studies under 

^CERCLA - Soil Vapor Extraction (EPA 540-2-91-0"T9ATdated~September~1991. The 
following section provides an evaluation nf thp fpasibility of SVE for 
remediation of the unconsolidated deposits at the UniFirst Property according to_, 
the remedy screening criteria outlined in this EPA guidance. 

5.2 Screening of SVE Remedy 

EPA guidance for assessing the feasibility of SVE recommends consideration of a 
variety of factors related to the characteristics of the contaminant, the soil, and 
the site at which SVE might be implemented. In particular, factors are considered 
that may have a negative effect on the performance of SVE. A listing of the 
factors specified in Table 2-1 of the EPA guidance document is reproduced here in 
Table 5-1. 

In general , the principal contaminant (PCE) at the Proper ty meets the 
characteristic of the group of contaminants that are generally amenable to SVE, 
but the specific conditions at the Property will create numerous critical 
limitations to the effective application of SVE. Almost all of the soil and site 
characteristics noted in the EPA guidance as having a negative effect on the 
ppr fnnTranfP nf SVF. p r e frmnd M <ilp TTniFirst PlQP£IJy_ A m o n g t h e f ac to r s l ike ly 

to severely impair the performance of SVE are: the low air permeability, high 
moisture content; small quantity of contaminants located at shallow depth; and 
highly variable soil characteristics. The following discussion reviews these 
factors as applied to the UniFirst Property. 
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5.2.1 Contaminant Characteristics 

Based on its vapor pressure, Henry's Constant and experience with SVE at other 
sites, PCE would be considered as amenable to removal from the subsurface by 
SVE. However, another factor noted in the EPA guidance is high density. PCE is a 
DNAPL that will tend to_migrate into_the saturated zone where it will nol_be 

^accessible for removal by SVE. This is clearly the case at the UniFirst Property 
where migration of PCE as DNAPL has caused the vast majority of the PCE mass 
Jbojnigrate downward into the saturated zone and the bedrock. 

5.2,2 Soil Characteristics 

Low Air Permeability 

Low air permeability in soil will impair the performance of SVE because it will 
limit the rate of air flow through the subsurface. At the time that SVE was 
specified as the remedy for the unconsolidated deposits, there had been no 
measurements of hydraulic conductivity or estimates of air permeability made 
for the UniFirst Property. However, the investigations during 1992 - 1994 
included the collection and analysis of samples of the unconsolidated deposits to 
characterize the magnitude of the air permeability and the spatial variability in 
the air permeability. 

A total of 10 samples °f the unconsolidated deposits from outside the building 
and 3 samples from beneath the building have been tested to calculate air 
permeability. Undisturbed samples of unconsolidated deposits were collected 
from test pits and analyzed for bulk density, moisture content and hydraulic 
conductivity. These properties were used to calculate the air permeability. Details 
of the calculation methods are found in Appendix C. The results of the 
unconsolidated-deposits analyses and the calculated air permeability are shown 
in Table 5-2. 

Hydraulic conductivity, a measure of the permeability of the sample to water 
flow under saturated conditions, was found to range from a high of 4 x 10'3 cm/s 
to ajQW-of-Z_2c_10~^ cm/s , with an overall geometric mean of 2 x 10~4 cm/s . This 
represents a variability of about three orders of magnitude. Air permeability is 
dependen t on both the hydraulic conductivi ty (permeabil i ty) of the 
unconsolidated deposits themselves as well as the moisture content. For a 
geologic medium of any given hydraulic conductivity, the higher the moisture 
content, the lower the air permeability. Because unconsolidated deposits with the 
lowest hydraulic conductivity will also have the highest moisture content, the 
contrast in air permeability will tend to be greater than the contrast in hydraulic 
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conductivity. By adjusting the hydraulic conductivity values for moisture 
content, as shown on Table 5-2, the air permeability values generated range from 
3 darcys (3 x 10"^ cm2) to 0.0005 darcys (5 x IO-*2 cm2)_jAdih an overall geometric 
mean of 0.06 darcys (6 x IO'1 0 cm2). 

The air permeability values are low in comparison to values preferred for the 
application of SVE. The overall geometric mean air permeability for the Property 
is 0.06 darcys (6 x lO'^O cm2). EPA guidance suggests that 0.01 darcys (IQ'^0 cm2) is 
the lower practical limit for the application of SVE. Four out of 10 of the samples 
from outside the building had an air permeability of less than the suggested 
lower limit of 0.01 darcys. The general areas in which the lowest air 
permeabilities are found corresponds to the release areas in which the highest 
PCE concentrations are found. 

Results from these samples reflect the permeability values for discrete samples 
which are averaged over a few inches, the cross-sectional size of the sample 
collected. Based on examination of the test pits, significant variability in texture 
of the unconsolidated deposits sufficient to cause highly variable permeability to 
air flow occurs over a scale of several inches to a foot or two. However, as 
discussed in section 3.0, these samples may well underestimate the total range in 
permeability of deposits beneath the Property, since samples from the test pits 
were collected only-from those locations where a representative sample could be 
successfully obtained using the sidewall coring device. 

These results indicate that the air permeability of the unconsolidated deposits 
over much of the Property is low, particularly outside the building in the release 
areas^and is frequently less than the practical lower limit for SVE suggested by 
iPA guidance. 

High Humic Content 

The presence of high concentrations of non-volatile organic material such as 
humic substances in the unconsolidated deposits would impair the performance 
of SVE because volatile organic compounds tend to sorb preferentially to this 
organic material. The organic carbon content has been measured in 12 samples, of 
the unmnsolidated deposits from outside the two release areas. The organic 
carbon content ranged from 0.01 per cent to 0.072 per cent with a geometric mean 
oJ_ 0.03 pgr_ cent. These values are low and would not likely impair the 
performance of SVE. However, samplesfrom test pits TPF and TPG in the waste-
oil contaminat ion area were found to hav_£—peJxoIeum hydrocarbon 
concentrations ranging from approximately 1 m g / k g up to 3,800 mg/kg . The 
highest value would represent an organic carbon content of about 0.3 per cent. At 

*" this level or higher, sorption of PCE on the organic carbon would have a 
"negative eltect on the performance of SVE7 " " ~ 
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High Moisture Content 

High moisture content in soil will impair the performance of SVE by limiting 
the rate of air flow through the subsurface. Moisture content of a soil sample is 
typically expressed as weight of water as a percent of the weight of the dry soil. 
The water saturation is the percentage of the porosity filled by water, and can be 
determined from the moisture content and the porosity or dry density. The water 
saturation in the unsaturated zone of a typical sandy soil in which SVE is 
commonly applied would be about 20 per cent or less. Moisture contents of this 
magnitude would not impair the performance of SVE significantly. 

Water saturations have been calculated for 13 samples of unconsolidated 
deposits for which both moisture content and dry density were measured (see 
Table 5-2). Water saturations range from 22 per cent to 96 per cent with an 
overall geometric mean ot 39 per cent. The water saturations are generally higher 
near the release areas outside the building than beneath the building. These 
results indicate that the moisture content of the unconsolidated deposits is much 
higher than that of typical sandy soil. As described above, these high_wjJjer_ 
saturations combine with the relatively low hydraulic conductivity of the 
unconsolidated deposits to yield low values for air permeability. 

Low Temperature 

Low temperature can impair the performance of SVE because both vapor 
pressure and Henry's Constants for most volatile organics are about 2 times 
lower at 0°C compared to 10°C. At sites where soil contamination exists at 15 feet 
or more below the ground surface, seasonal fluctuations in temperature are 
reasonably small and subsurface temperatures tend to approximate the average 
annual air temperature for the area. At the UniFirst Property, the temperature at 
depths of 15 feet or more would be expected to be approximately 10°C. 

At most sites at which SVE is applied, the zones of soil contamination to be 
treated exist at depths of 10 feet or more and are not subjected to very low 
temperature or large seasonal reductions in temperature. However, at the 
UniFirst Property, all of the PCE contamination exists at a depth of less than 10 
_feeL_Jn the release areas, some of the highest concentrations exist at less than " 
3 feet. Frost penetration at the UniFirst Property would typically be about 2 feet. 
At these shallow depths, low temperatures during winter will reduce the 
e7Fecjivenes£oT SVE substantially.
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High Clay Content 

High clay content in soil is generally related to low permeability and high 
moisture content. As a result, soils having a high clay content generally have a 
low air permeability. Although the unconsolidated deposits do not have a high 
clay content, the relatively low hydraulic conductivity and high moisture 
content combine to have the same effect as high clay content on the performance 
of SVE. 

Low Porosity 

Low porosity in soil will impair the performance of SVE by limiting the rate of 
air flow through the subsurface. The total porosity in the unconsolidated, 
deposits at the UniFirst Property range fromJZS per cent to 4? per cent with an 
overall geometric mean of 33 per cent. Total porosity values are generally lower 
near the release areas outside the building than beneath the building. This range 
in values is typical for sandy soils. Total porosity values in this range will not, in 
themselves, impair the effectiveness of SVE. The critical parameter that will 
control air flow during SVE is the air-filled porosity. Because of high moisture^ 
content, the air-filled porosity of the unconsolidated deposits at the UniFirst 
Property is sufficiently low to impair the performance of SVR_ 

5.2.3 Site Characteristics 

Distribution and Quantity of Contaminants 

The distribution and quantity of contaminants in the subsurface are important 
factors in assessing the feasibility of SVE and determining whether other 
remedial technologies might be preferable. EPA guidance states that '^Soil 
excavation and treatment are probably more cost effective when only a few eAidVduuu emu iicaimcni ctxc piuuduiy muit: ujbi eireiiivt: wnen umy a rew 
hundred cubic yards (yd3)_of_ngar surface soil are contaminated. If the spill has 
penetrated more than 20 or 30fee t , has spread through an area of several 
hundred square feet (ft2) at a particular depth, or has contaminated a soil volume 
of 500 yd^, excavation costs begin to exceed those associated with an SVE system." 

At the UniFirst Property, the total mass of PCE in the unconsolidated deposits is 
estimated to be less than approximately one hundred pounds (about 11.4 
gallons). This mass is small compared to the mass of PCE estimated to be present 
in the bedrock either on or off the Property. In addition, even within the release 
areas or the zone of diffuse contamination, PCE concentrations are highly 
variable over distances of a foot or two. 
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None of the contaminated unconsolidated deposits in either the release areas or 
the zone of diffuse contamination are deeper than 10 feet. In the release areas, 
the zones of highest concentration are generally found at less than 3 feet. SVE is 
seldom, if ever, applied to contamination found only at these shallow depths. 
Air extraction wells installed and operated at such shallow depths will be prone 
to excessive leakage of air from the ground surface. Such leakage will reduce 
substantially the lateral zone of influence of the wells (Beckett and Huntley, 
1994). 

The contaminated unconsolidated-de
about 1,200 ft2 but hecaus&^tSfthe shallow depth, this represents only about 225 
yd3. SVE is seldom, if 'ever, applied to zones of contamination of this size. The 
zone of diffuse contamination covers a larger area of about 13,000 ft2 and a 
volume of about 3,400 yd3, but average PCE concentration, in this zone is 
1,100 | ig /kg and the PCE mass contained in this area is small, estimated to be at 
most 12 pounds. 

Based simply on the shallow depth and small volume of contaminated 
unconsolidated deposits found in release areas, SVE is not considered to be a 
feasible technology. SVE is seldom, iif_everi applied in such circumstances. 
Although the volume of contaminated unconsolidated deposits associated with 
the zone of diffuse contamination is larger than the release areas, depths are also 
shallow and PCE concentrations much lower. 

Variable Soil Characteristics, Lithology, Heterogeneity 

Spatial variation in soil characteristics may impair severely the performance of 
SVE. Variability in properties such as moisture content and air permeability will 
cause air to flow preferentially through the most permeable zones and to bypass 
other zones. 

The effect of geological variability on the effectiveness of SVE is recognized in 
general terms in the EPA guidance. However, only recently has research been 
conducted to attempt to relate the effectiveness of SVE to the magnitude and the 
spatial scale of the geological variability. 

During SVE operation, air flow through the subsurface will occur through the 
zones of highest air permeability and bypass the zones of lower permeability. 
Volatile contaminants residing in the zones of lower permeabili ty can be 
removed by SVE only if they are able to migrate by diffusion to the zones 
through which air flow occurs. If the lower permeability zones have a low 
moisture content, migration of volatiles will occur via vapor-phase diffusion 
through the air-filled pore space and be relatively rapid. If the moisture content 
of the lower permeability zones is high, vapor-phase diffusion will be greatly 
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reduced and cleanup of these zones by SVE will be much slower. If the pore 
spaces in the lower permeability zones are almost fully saturated with water, 
migration of volatiles will occur by aqueous-phase diffusion at rates even lower 
than would occur by vapor-phase diffusion. 

Theoretical calculations of the rate of cleanup of such lower permeability zones 
by vapor^phase and aqueous-phase diffusion for conditions comparable to the__ 
UniFirst Property are shown in Appendix D. These calculations illustrate that it 
would take many years of SVE operation to achieve low level cleanup targets 
when the presence of lower permeability zones cause contaminants to travel 
distances of more than one or two foot by diffusion. 

As discussed in a preceding section, air permeability was calculated 
13 samples of unconsolidated deposits based on measured values of hydraulic
conductivity, dry density and moisture content. The calculated air permeability 
from these samples is strongly correlated with the moisture content. These 
results are shown in Figure 5-1. With this relationship it is possible to estimate 
the air permeability for another 36 samples from the borings and test pits for 

only moisture content was measured. These data are found in Table 5-4 
 summarized in Figure 5-2. 

For the samples of unconsolidated deposits from outside the building- the 
measured and estimated air permeabilities range from <0.001 to >5 darcys...Eight_ 
of 25 samples or about 32 per cent yield an air permeability less than 0.01 darcys, 
EPA's_suggested practical lower limit for SVE. For samples from beneath the" 
building, measured and estimated air permeabilities range also from <0.001 to >5 
darcys. However, air permeabilities are slightly higher with only 5 of 24 or about 
21 per cent less than a value of 0.01 darcys. 

Thp_r>nly systprnatic -pattern observed in the measured nr estimated _air 
permeability is that values are slightly higher_beneath the buildings This finding 
is likely the result of lower moisture contents from the lack of infiltration of 
precipitation. The air permeability was found to vary by a factor of about 1,000 
times over a distance of several feet or less. This variation is illustrated in Figure 
5-3 which shows the measured and estimated air permeability values obtained 
for test pit TPK. This variation in air permeability will result in highly localized 
pathways for air flow and the bypassing of zones of lower permeability. 

Based on the information available for the Property, it is not possible to correlate
the level of PCE contamination with the air permeability ot the unconsolidated
deposits.. Only a iew oTThe samples selectedTor analysis of physical properties
were found to exhibit PCE contamination. In addition, the magnitude and scale
of the spatial variability in both PCE concentrations and physical properties
would likely obscure any close correlation in measured values. However, high
concentrations of PCE are found in less permeable zones in the unconsolidated
deposits. For example, sample TPM4A had a calculated air permeability of 
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0.0005 darcys which was the lowest measured at the Property. This sample had a 
PCE concentration of 220,000 jig/kg. In contrast, samples TPM 2A and TPM 3A 
collected nearby each had an air permeability of about 0.1 darcys and PCE 
concentrations of 230 and 3,700 ^tg/kg respectively. The presence of high 
concentrations of PCE in such lower permeability layers will severely impair the 
performance of SVE at the UniFirst Property. 

Buried Debris 

The presence of buried debris and fill may impair the performance of SVE by 
disrupting air flow patterns. In the waste-oil contamination release area, buried 
construction debris was encountered. In addition, the backfill material placed in 
the trench for the pipe from UC22 and the exploration test pits would also tend 
to disrupt air flow patterns if_SVE^were applied in the area. The backfill material 
placed in the exploration test pits in the current lo"aciing dock release areas could
cause similar disruptions in air flow.

< 
5.2.4 Conclusion on Feasibilit

Almost all of the various factors identified in EPA guidance 4hat might have a 
negative impact on the performance of SVE apply to varying degrees to the PCE 
contamination found in the unconsolidated deposits at the UniFirst Property. As 
a result, it is concluded that SVE would not be a feasible technology for 
application at the UniFirst Property. 

The conditions of greatest significance, confirmed by detailed investigations of 
the UniFirst Property, are: 

1. The shallow depth of contamination in both the release areas and the , 
zone of diffuse c o n t a m i n a t

2. The small volume of contamin
with the release areas.  

3. The generally low air permeability in the unconsolidated deposits.
4. The extreme spatial variability in air permeability and contamination 

concentrations in the unconsolidated deposits. 

SVE can never contribute to protection of groundwater while contaminated 
groundwater persists and allows upward migrat ion of vapors . At the 
Gemeinhardt Superfund site in Elkhart, Indiana, US EPA permitted the 
termination of an SVE remedy after 15 months of operation when the soil 
cleanup target of 1,000 M-g/kg PCE could not be achieved throughout the soil. This 
was concluded to be due to on-going contributions of PCE to the soil from the 
underlying contaminated groundwater (see ENSR Report to US EPA date
January 1992 found Tn Appendix E). 
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Thus, based on the conditions at the Property, it is unlikely that proteeflion °  
groundwater could be achieved practicably by SVE, even if applied/following
remediation of the underlying contaminated groundwater at some/time in the
future. Because of the site conditions, an SVE system implemented for th
protection of groundwater would require very closely spaced au/extraction wells 
and would require many years of operation after restoration of the groundwater. 
Other remedial technologies would likely be more cost effective than SVE for 

"part or all nf the rontamination, 
deposits at that time in the future.

The highest PCE concentrations in th
the two release areas. These release areas are small in volume and the 
contaminated material occurs at a depth of 5 feet or less. If remediation efforts 
were to be applied to only the areas of highest concentrations where residual 
DNAPL might be present, other remedial technologies are likely to be more cost 
effective than SVE for treatment of such small and shallow zones. 

In summary, it is concluded that SVE would not be a feasible remedy for the 
unconsolidated deposits at the UniFirst Property to achieve protection of 
groundwater either now or in the future when the groundwater remediation is 
complete, or for treatment of the highest PCE concentrations found in the release 
areas. As a result, the further study of SVE by means of field pneumatic testing or 
pilot testing is not warranted. Mpithpj pnpnmatir tpst'ng nor short duration SVE 
pilot testing could provide more definitive information on the factors mosi 
critical to the effectiveness of SVE, namely, the effect of diffusion out of lower 
permeability zones which are known to exist and the length of time that an SVE 

 
system would need to operate to achieve any specific cleanup target. 

5.3 Results of SVE Research on the Effect of Variable Soil Characteristics 

Because conclusions regarding the practicability of SVE at the UniFirst Property 
depend in large part on the effect of variable soil characteristics, _UniFirsi_/ ' 
provided funding to investigate further the influence of spatial variability >n 
chemical concentrations and permeability on the_effectiveness of SVE through a" 
.detailed field experiment conducted b y t h e University of Wate r log . This 
experiment was~described by Flynn et al. (1994). A copy of this paperi-/included
in Appendix F.

m , • • i •
This experiment was conducted in a sanay aquifer /having Conditions much 
more favorable to SVE 
Property.^ 

This SVE experiment was performed inside a 29.5 feet by 29.5 feet test cell isolated 
from the surrounding aquifer by steel sheet piling walls, frhe cell extends to the 
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base of the aquifer and is about 11 feet deep. This cell creates a 350 cubic yard block 
of natural sandy aquifer. The aquifer material is fine to medium sand that 
exhibits visible horizontal bedding. The hydraulic conductivity of the different 
beds varies by a factor of about 10 to 50 times. The overall hydraulic conductivity 
for the SVE experiment is much higher, and the range in hydraulic conductivity 
is much smaller than that measured at the UniFirst Property. 

In the Waterloo experiment in July 1991, 203 gallons of PCE were released to the 
aquifer in a controlled experiment when, the water table in the cell was close to 
the ground surfacei The principal purpbs^ lof this experiment was to evaluate the
effectiveness of ggopHysical tnethodsj for identifying DNAPL occurrence in the

_siibsurfac£r2D^T>^E migrated into the aquifer and became distributed in
numerous accumulations or pools at various elevations in the aquifer and at the
bottom of the cell. Information on the spatial distribution of contamination was
derived from the geophysical monitoring during the release and by core
sampling after the release. The layout of the test cell and core locations are
shown in Figure 5-4. The level of detail obtained on the spatial distribution of 
contamination is much greater than could be derived at any real site. Later that 
year, the water table inside the cell was lowered and about 46 gallons of PCE were 
removed from the pool at the bottom of the cell. 

Before the SVE experiment began, 6 soil cores were collected and analyzed at 
10 cm intervals to characterize the PCE distribution. Figure 5-5 shows the results 
of several of these cores. The SVE experiment began in July 1993. The SVE 
system included 3 extraction wells on one side of the cell and 3 passive air inlet 
wells on the other side. The ;air flow rate ranged from 25 scfm to 7.5 scfm. The 
system was monitored using a detailed array of soil-gas probes, pressure 
transducers, and thermocouples. During the first 50 days of operation, PCE 
concentrations in the effluent air declined from about 5,000 ppmv to less than 
500 ppmv. This represents the time period during which the majority of the 
chemical mass was removed. Little additional mass has been removed during 
the following 150 days. The decline in PCE concentration in the extracted air is 
shown in Figure 5-6. This decline in concentrations is proportional to the decline 
in the rate of mass removal. 

In January 1994, 8 additional soil cores were collected and analyzed at 5 cm 
interval to characterize the distribution of PCE that remained in the cell. Figure 
5-7 shows the PCE concentration profiles in several of these cores. These results 
show that several layers of DNAPL PCE remain in several areas of the cell. 

Figure 5-8 shows that the zones of highest PCE concentration or DNAPL layers 
remaining in the cell are associated with zones of higher water saturation in the 
middle part of the aquifer, and the higher water saturation at the bottom of the 
cell in the capillary fringe immediately above the water table. 
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These DNAPL layers will persist for long period because the rate of mass 
removal by the SVE system has declined to a constant low level. The removal of 
PCE from these DNAPL layers is likely controlled by slow diffusion through 
zones of higher water content into the zones through which air flow occurs. 

The geological variability exhibited by the sands in the Waterloo experiment is 
small in comparison to that present in the unconsolidated deposits at the 
UniFirst site. As a result, the effectiveness of SVE at the UniFirst Property would 
be expected to be impaired by geological variability to a much greater degree than 
for the Waterloo experiment. In addition, PCE in the Waterloo experiment had 
resided in the subsurface for less than 3 years. During this time, there would 
have been far less opportunity for contaminants to diffuse into less permeable 
zones than is the case of the unconsolidated deposits at the UniFirst site where 
some of the PCE may have existed in the subsurface for 30 years. The longer that 
contaminants have to diffuse into less permeable zones, the longer will be the 
time required to remove them. Based on the slow constant mass removal rate 
and large amount of mass remaining, many more years of SVE operation would 
be required to remove further significant quantities of PCE from the Waterloo 
experiment. 

The spatial scale of chemical and geological variability exhibited in the Waterloo 
experiment would result in diffusion distances of about a foot or less. 
Comparable diffusion distances would be expected for the UniFirst site based on 
the geological variability observed in test pits. As a result of the low air 
permeability and extreme geological variability at the UniFirst Property, the 

"effectiveness of SVE at the Property would be expected to be impaired to a much 
greater degree than that observed In the Waterloo experiment. 

5.4 Summary and Conclusions 

The feasibility of SVE for remediation of the unconsolidated deposits at the 
UniFirst Property has been assessed on the basis of the remedy screening factors 
set out in EPA guidance. Although the PCILJal---theJLInJJ?kst Property would be 
amenable to removal by SVE if only its vapor pressure and Henry's Constant 
were considered, almost all the factors related to soil characteristics and site 
characteristics that can have a negative effect on the performance ot'SVE are ' 

japplicible at theTJhiFirst FfopgrtyrThese factors include: ' 

l ^ H i g h density of PCE has caused most of the mass of PCE to migrate 
^=<"tk>wnward into the saturated zone and into the bedrock. 
P 2. Lew air permeability found generally across the Property will hinder air 
^ — ^ f l o w . In the vicinity of release areas outside the where PCE are highest, 

32 per cent of the soil samples indicate an air permeability of 0.01 darcys 
or less, which is noted in EPA guidance as the practical lower limit for 
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/ 3 / High humic (organic carbon) content result ing from petroleum 
C-^ hydrocarbons in the waste-oil contamination area will cause high 

y~ ̂ o r p t i o n of PCE and hinder removal. 
PA. i i igh moisture content found in many areas will cause low air 
P y permeability. 
P5. Low temperature during the winter will lower vapor pressure and
( / H e n r y ' s Constant, and thus, the rate of removal for the PCE

/ / ^ c o n t a m i n a t i o n found at shallow depth.
P 6.PCE contamination is shallow in both the release areas and the zone of 
\ _ y diffuse contamina t ion , and the v o l u m e of con tamina t ed 
/ / ^ ^ u n c o n s o l i d a t e d deposits associated with the release areas is small. 
/ 7. The extreme spatial variability in air permeability will cause air to flow 
v — ' preferentially through the most permeable zones and bypass the less 

y - y p e r m e a b l e zones. 
/ 8. buried debris and backfill from the construction of the effluent trench
P - ^ for UC22 and explo

of air flow patterns.

Although all these factors will have a negative effect of the performance of SVE
the most significant are: the shallow depth of contamination in both the releas
areas and the zone of diffuse contamination; the small volume of contaminated 
unconsol idated deposits associated with the release areas; the low air 
permeability in the unconsolidated deposits; the extreme spatial variability in air 
permeability and contamination concentrations in the unconsolidated deposits. 

SVE can never contribute to the protection of groundwater while contaminated
groundwater persists and allows upward migration~of vapors. It is unlikely that 
protection of groundwater could be achieved practicably by SVE, even if applied-
following restoration of the underlying contaminated groundwater at some time 
in the future. Other remedial technologies would likely be more cost effective 
than SVE_for part or all of the contamination that might remain in the 
unconsolidated deposits at that time in the future. 

If remediation efforts were to be applied to only the zones of high concentrations 
in the release areas, other remedial technologies aire likely to be more cost 
effective than SVE for treatment of such small and shallow zones. 

In summary, it is concluded that SVE would not be a feasible remedy for the 
unconsolidated deposits at the UniFirst Property either to achieve protection of 
groundwater, or for treatment of the highest PCE concentrations found in the 
release areas. As a result, the further study of SVE by means of field pneumatic 
testing or pilot testing is not warranted. Neither pneumatic testing nor short 
duration SVE pilot testing could provide more definitive information on the 
factors most critical to the effectiveness of SVE, namely, the effect of diffusion 
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out of lower permeability zones which are known to exist, and the length of time 
that and SVE system would need to operate to achieve any specific cleanup 
target. 
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Table 5-1 Site characteristics that impact SVE process feasibility. From 
US EPA (1991). 

Characteristic 

Contaminant 
Type 

Low Volatility 

High Density, High Water Solubility 

Soil 
Low air permeability 

High humic content 

High moisture content 

Low temperature 

High clay content 

Low porosity 

Site 
Distribution and quantity of contaminants 

Variable soil characteristics 

Lithology, heterogeneity 

Buried debris 

Potential Negative Impact 

Unsuitable if non-volatile 

Unsuitable if vapor pressure is too low 

Contaminants tend to migrate into the 
saturated zone 

Hinders air flow 

Causes high sorption 

Hinders air flow 

Lowers vapor pressure and Henry's Constant 

Hinders air flow 

Hinders air flow 

May not be cost effective if quantity is small 
(<several hundred cubic yards) or if 
contaminants are shallow (<20 ft.) 

Bypassing of contaminated zones by air flow 

Affects well design and placement 

Inconsistent removal rates 



Table 5-2. Calculated air permeability for samples of the unconsolidated 

deposits. Water saturation calculated from porosity and 

water content. 

Sample 

TPJ1A 

TPK1A 

TPK2A 

TPK3A 

TPK4A 

TPK 5A 

TPK IOA 

TPM2A 

TPM3A 

TPM4A 

TPL1A 

TPL3A 

TPL4A 

Depth (ft.) 

1.9 

1.8 

2.8 

3.3 

4.1 

4.8 

4.4 

4.0 

0.8 

3.0 

3.2 

1.4 

2.2 

Geometric Mean 

Water Saturation 
(%) 

42 

39 

37 

53 

61 

43 

39 

35 

38 

96 

28 

22 

22 

39 

Air Permeability 
(darcys) 
0.0027 

0.031 

0.29 

0.0085 

0.0020 

0.037 

0.12 

0.12 

0.14 

0.0005 

1.7 

2.8 

3.4 

0.06 

Air Permeability 

(cm2) 

2.7 x l O ' 1 1 

3.1 x 10 ' 1 0 

2.8 x IO"9 

8.3 xlO" 1 1 

2.0 x lO" 1 1 

3.7 x 10"10 

1.2 xlO"9 

1.2 x IO"9 

1.4 x IO"9 

5.4 x IO'1 2 

1.6 x IO"8 

2.8 x 10'8 

3.4 x 10"8 

6 x 10"10 
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Table 5-3 Summary of foe (fraction organic carbon) and petroleum 
hydrocarbon analyses for the unconsolidated deposits. 

Sample 

TPA 27 

TPA 37 

TPA 44 

TPA 74 

TPB 27 

TPB 37 

TPB 44 

VB1 2 

VB2 2 

VB3 2 

VB3 4 

VB3 6 

TPF IA 

TPGIA 

TPG2A 

TPG3A 

TPG4A 

TPG5A 

TPG6A 

TPG7A 

TPG8A 

TPG9A 

TPG5B 

TPG IB 

SS1SA 

Depth (ft.) 

2.25 

3.08 

3.67 

6.17 

2.25 

3.08 

3.67 

2.25 - 3.25 

2.25 - 4.25 

2.25 - 4.25 

8.0 -10.0 

12.0 -13.0 

2.5 

2.0 

3.3 

0.8 

2.6 

4.8 

6.0 

1.5 

2.9 

7.3 

4.8 

2.0 

Excavation spoil 

foe (wt. %) 

0.028 

0.033 

0.051 

0.056 

0.036 

0.039 

0.072 

0.02 

0.03 

0.03 

0.01 

0.02 

_ 

_ 

. 

_ 

_ 

_ 

_ 

_ 

_ 

_ 

_ 

_ 

-

Total Petroleum 
Hydrocarbons (mg/kg) 

. 

_ 

_ 

-

. 

_ 

-

_ 

_ 

_ 

_ 

_ 

3850 

260 

120 

47 

12 

7.4 

6.4 

200 

1.1 

4.3 

3.1 

260 

260 



Table 5-4. 

Outside Building 

Estimated-air permeability for samples of the unconsolidated 

deposits for which only moisture content was measured. 

Sample 

TPA 27 

TPA 37 

TPA 44 

TPB 27 

TPB 37 

TPB 44 

TPJ1A 

TPJ2A 

TPJ3A 

TPK1A 

TPK2A 

TPK3A 

TPK4A 

TPK5A 

TPK6A 

TPK7A 

TPK8A 

TPK9A 

TPK IOA 

TPK H A 

TPK 12A 

TPM2A 

TPM3A 

TPM4A 

UC28 C284C 

Depth (ft.) 

2.25 

3.08 

3.67 

2.25 

3.08 

3.67 

3.0 

3.0 

4.5 

1.8 

2.8 

3.3 

4.1 

4.8 

4.1 

4.1 

4.1 

4.1 

4.4 

4.4 

1.9 

4.0 

2.0 

0.8 

6.0 - 8.0 

Water Content 
(wt. %) 

5.1 

4.5 

5.8 

8.8 

5.1 

6.7 

8.8 

3.7 

10.2 

5.5 

7.3 

8.2 

8.7 

7.1 

9.5 

6.5 

7.3 

8.3 

7.5 

3.0 

5.6 

5.9 

6.4 

15.8 

6.5 

Estimated Air 
Permeability 

(darcys) 

3 . 

>5 

3 

0.003 

3 

0.6 

-

>5 

0.0005 

-

-

-

_ 

_ 

0.0005 

0.6 

0.03 

0.007 

-

>5 

3 

-

-

. 

0.6 

Calculated Air 
Permeability 

(darcys) 

-

-

-

-

-

-

0.0027 

. 

. 

0.03 

0.29 

0.0085 

0.002 

0.037 

-

-

. 

-

0.12 

. 

-

0.12 

0.14 

0.0005 

-



Table 5-4 (cont.). Estimated air permeability for samples of the unconsolidated 
deposits for which only moisture content was measured. 

Beneath Building 

Sample 

TPL1A 

TPL2A 

TPL3A 

TPL4A 

UC32 IA 

UC32 2A 

UC32 3A 

UC32 4A 

UC331A 

UC33 2A 

UC33 3A 

UC33 4A 

UC34 1A 

UC34 2A 

UC34 3A 

UC35 1A 

UC35 2A 

UC35 3A 

UC35 4A 

UC36 IA 

UC36 2A 

UC36 3A 

UC36 4A 

UC36 5A 

Depth (ft.) 

3.2 

1.8 

1.4 

2.2 

0.5 - 2.0 

2.0 - 3.5 

3.5 - 5.5 

5.5 - 6.8 

0.5 - 2.0 

2.0 - 3.5 

3.5 - 5.5 

5.5 - 7.5 

3.0 - 4.5 

4.5 - 6.0 

6.0 - 8.0 

0.5 - 2.0 

2.0 - 3.5 

3.5 - 5.5 

5.5 - 7.0 

0.5 - 2.0 

2.0 - 3.5 

3.5 - 5.0 

5.0 - 6.5 

6.5 - 7.7 

Water Content 
(wt. %) 

5.6 

4.2 

. 6.0 

5.5 

5.3 

3.1 

9.2 

13.3 

4.3 

2.5 

2.9 

7.6 

15.3 

5.2 

5.3 

9.6 

2.5 

1.2 

7.2 

6.4 

9.8 

5.3 

2.9 

7.8 . 

Estimated Air 
Permeability 

(darcys) 

_ 

>5 

_ 

-

3 

>5 

0.0005 

0.0005 

>5 

>5 

>5 

0.03 

0.0005 

3 

3 

0.0005 

>5 

>5 

0.06 

0.6 

0.0005 

3 

>5 

0.02 

Calculated Air 
Permeabili ty 

(darcys) 

1.6 

_ 

2.8 

3.4 

_ 

_ 

_ 

-

_ 

-

_ 

_ 

_ 

_ 

-

_ 

-

. 

_ 

-

-

-

-

-



6.0 Alternate Remedial Measures for the Unconsolidated Deposits 

6.1 Alternate Cleanup Target 

Given the conclusion that remedial measures applied to the unconsolidated 
deposits would not protect groundwater, it is useful to ask if there are other 
exposure endpoints affected bv contaminated unconsolidated deposits at the 
Property that could be addressed. As noted above in Section 2.3, the original 
Endangerment Assessment ("EA") found none on the UniFirst Property. 
Furthermore, in 1989, EPA a'nd UniFirst conducted outdoor and indoor air 
sampling studies in both the UniFirst building and nearby residences. A risk 
assessment conducted at that time showed no risks. 

When the decisions outlined in the 1989 ROD and 1991 ESD were made, 
however , there was little information on the na ture and extent of 
contamination in the unconsolidated deposits. There had been no indication 
of residual DNAPL in the unconsolidated deposits. Since that time, the waste-
oil-contamination release area was discovered and the contamination in the 
current loading-dock area has been delimited. Although these areas are 
relatively small in size and are conservatively estimated to contain less than 
approximately one hundred pounds of PCE, concentrations in samples of the 
unconsolidated deposits indicate discontinuous zones of residual DNAPL. In 
view of the finding of these release areas, i tJA_appropriate to consider^ 
alternate soil cleanup targets intended to protect against exposures via other 
pathjarays 

The highest concentrations of PCE in the unconsolidated deposits occur 
outside thej2uilding at a relatively shallow depth. All PCE concentrations 

xeeediagfaboutjl0,000 | ig /kg are found in the was.ter.oil contamination area 
and the vicinity of the current loading dock. The volume of contaminated 
unconsolidated deposits in these areas is small, about 100 to 200 yd3. 

All such findings occur in areas covered by pavement or several feet of
uncontaminated deposits, and, as a result, access to the contaminated 
can be gained only by purposeful excavation.  

^ y &
As an appropriate proxy cleanup standard^tcTprotect
endpoints at the Property, UniFirst proppsegto utilize the action level for PCE  
that the EPA has set out in the proposed RCRA rule titled "Corrective Action
for Solid Waste Management Units (SWMUs) at Haza rdous Waste
Management Fac i l i t i e s rwhich , UniFirst unders tands, is currently being 
utilized in Region pJ As the most stringent soil standard where groundwater 
protection is n o t k t issue, the EPA p r o p o j e d a n "action level" for FCE_ 
concentrations in__unconsolidated deposits oflQ~mg j/kg_(IO/)00 p,g/kg). The 
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following quoted and paraphrased discussion of the action level is taken from 
55 Federal Register 30798-30820, July 27,1990. 

The 10 mg/kg. PCE standard was derived for a scenario that assumed a 
residential use pattern, with long-term direct contact and soil ingestion by__^ 

.children. "Action levels for soil would typically be measured on the surface 
(generally the upper two feet of earth)." The EPA further noted that its 
exposure assumptions were: 

. . . reflective of a conservative average scenario in which 
children ages 1-6 years (i.e. the time period dur ing which 
children exhibit the greatest tendency for hand- to-mouth 
activity) are assumed to ingest an above-average amount of soil 
on a daily basis. The exposure levels estimated in this manner 
are calculated to keep exposures well below the populat ion 
threshold for toxic effects. . . . [The] recommendations are based 
on the conservative assumptions that 100 percent of the ingested 
non-carcinogenic and carcinogenic soil contaminants are 
absorbed across the gastrointestinal tract and that ingestion 
occurs 365 days/year, regardless of climatic conditions or age. 

It is important to note that, an "action level" is not a cleanup standard, but 
rather, a "trigger", that will merely indicate the need for a "Corrective 
Measure Study" ("CMS"). "Contamination exceeding action levels indicates a 
potential threat to human health or the environment which may require 
further study." Exceedancg of an action level allows, but does not require, EPA 
to require a CMS; in other words, it creates only a rebuttable presumption that 
a CMS is necessary. • ° 

In addition to being supported by EPA's risk reduction strategy, reliance on 
the surrogate "cleanup goal" of 10 m g / k g (10,000 JJ-g/kg) of PCE in the top 
3 feet of unconsolidated deposits is also technically justified and highly 
protective given the nature of the^Property. A level of 10 m g / k g PCE in the 
unconsolidated deposits represents a contaminant concentration which, based 
on observat ions at the Property, is not likely to be exceeded by 
recontamination due to upward migration of vapors from groundwater 
beneath the Property. That is, where contamination in excess of 10 m g / k g PCE 
j n the^celease areas is removed, recontamination of the unconsolidated 
deposits b y v i p w a r d vapor migration from the underlying contaminated 
groundwater wilFoccur, buTat levelsUelow the 10 m g / k g target. Thus, for a 1 0 ' 

^ m g / k g ^ g a L , ^  

Practically speaking, the only conceivable 
contaminated unconsolidated deposits would be by purposeful excavation. 
UniFirst has already excavated in the most seriously affected soils when it 
installed the influent line trench through the waste-oil contamination, which 
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contained the highest PCE concentration beneath the Property. At no time 
du r ing this excavation were condit ions measu red that war ran ted 
implementa t ion of any health and safety measures beyond normal 
construction requirements according to the approved Health and Safety Plan. 

Cleanup to the 10 m g / k g level would require removal of the waste-oij_ 
contamination area and the area of the current loading dock. This action, if 

"".effective, would remove about 9U percent ot the less than approximately one 
hundred pounds of_PCE estimated to be present in tho unconsolidated _ 

^cfeposits^ After this action, the PCE contamination remaining in the 
unconsolidated deposits would be limited to low to moderate levels of 
contamination situated principally beneath the building. Removal from the 
release areas in this way would also increase the likelihood that no further 
remediation of the unconsolidated deposits would be required to protect 
groundwater at some time in the distant future if groundwater remediation 
ever were completed. 

In summary, UniFirst proposes that a PCE concentration of 10 m g / k g 
(10,000 n.g/kg) be applied as an alternate cleanup target for the top three feet of 
the^unconsoiidated deposits in order to protect against the risk of director 
exposure to contamination close to the ground surface. (The material that 
presently exceeds the alternate cleanup target is found only at shallow depth 
in the release areas.) Cleanup to this alternate target would constitute a 

Qpermanent remedychat would not be negated by the effect of vapor migration 
upward from the underlying contaminated groundwater. This action would 
remove about 90 per cent of the less than approximately one hundred pounds 
of PCE estimated to be present in the unconsolidated deposits and would 
increase the likelihood that no further remediation of the unconsolidated 
deposits would be required to protect groundwater, at some time in the 
distant future if groundwater remediation ever were to be completed. 

6.2 Remedial Measures for the Alternate Cleanup Target 

6.2.1 Objective 

Remedial measures to achieve the alternate cleanup target will focus on the 
small volume of contaminated unconsolidated deposits found at shallow 
depth in the waste-oil contamination area and the vicinity of the current 
loading dock. These are the only areas in which PCE concentrations exceed 
10,000 ng/kg. 

Because of the small volume and shallow depth of the contaminated 
unconsolidated deposits, and the geological variability, in situ removal or 
treatment technologies such as SVE, water flushing and surfactant flushing 
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are not feasible. Excavation is probably__the most suitable technologyfor 
remediation in this situation. HoweverTin situ oxidation by permanganate 
infiltration also deserves .consideration because this in situ treatment 
technology may not be limited by geological variability to the same degree as 
technologies such_as SVE. Excavation and in situ ^oxidation by permanganate 
infiltration are discussed in the following sections. 

6.2.2 Excavation 

The detailed investigations of the unconsolidated deposits conducted during 
1992 through 1994 have defined the areas of highest PCE concentrations in the 
waste-oil contamination area and the vicinity of the current loading dock. All 
unconsolidated deposits exceeding 10,000 M-g/kg are found outside the 
building at shallow depth. 

For a cleanup target of 10,000 (ig/kg, the implementation and costing of an 
excavation remedy can be well defined. Past experience at the Property has 
shown that concentrations of 10,000 jig / k g PCE in unconsolidated deposits 
can be__readily detectecPBy~7ield screening methods using a portable OVA 
Torganic vapor analyzer). This approach would allow confirmation of the 
extent of contaminat ion during the excavation activities to ensure 
appropriate materials are removed. Upon excavation, all materials would be 
containerized, rnanifpsted_atul-shippi3IlQFF~site for appropriate disposal or 
treatment. 

UniFirst proposes to prepare a plan for implementation and preliminary costs 
for an excavation remedy. 

6.2.3 In Situ Oxidation by Permanganate Infiltration 

The use of In situ oxidation of PCE in the unconsolidated deposits by 
infiltration with a solution of potassium permanganate may have advantages 
over other in situ removal or treatment technologies such as SVE, water 
flushing or surfactant flushing because it may be less impaired by the effects of 
geological variability. In addition, in situ oxidation would not require 
shipment of contaminated soil off site for treatment or disposal. 

Potassium permanganate (KMn04) is a strong oxidizing agent that has been 
used in the field of water and wastewater treatment for the destruction of 
organic contaminants for decades. Potassium permanganate is stable in water 
and soluble in water to concentrations of about 36 g /L . Permanganate reacts 
wjthj^hlorinated ethenes such as PCE or TCE to form harmless by-prndnrts-
carbon dioxide, chloride and manganese dioxide. The oxidation reaction 
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occurs mostly in the aqueous phase, rather than by direct attack of PCE in the
form of DNAPL. 

Permanganate infiltration is an experimental technology that has und  
laboratory and small-scale field testing for the in situ oxidation of PCE a n d  
TCE (see Schnarr and Farquhar, 1992 in Appendix G). These studies have
shown_permanganate to be capable of almost complete destruction of PCE v  

"tHe foxm—oi~re&Sual ITnd pooled DNAPL in sandy aquifer materials.
Permanganate concentrations of 1 g / L to 10 g/TThave been studied. The
effective destruction of PCE in the form of DNAPL is believed to occur as a
result of greatly accelerated dissolution of the DNAPL caused by rapid
oxidation of the PCE in the aqueous phase. 

Most other in situ removal or treatment technologies such as SVE, water 
flushing or surfactant flushing require intimate contact between the air, water 
or surfactant solution flowing through the subsurface in order to be effective. 
Where geological variability causes permeable pathways for preferential flow, 
areas of lower permeability are by-passed. Contaminants residing in such 
lower permeability zones can be removed only by slow diffusion of the 
contaminants out of the lower permeabil i ty zones into the higher 
permeability zones. 

Because of the nature of the permanganate behavior and the oxidation 
reaction, permanganate infiltration may be less impaired by geological 
variability than other in situ technologies. When permanganate solution 
migrates along the more permeable pathways in a variable geological unit, 
permanganate will diffuse out into less permeable zones. Because the
infiltrating solution contains a high permanganate concentration, diffusion
out into less permeable zones will be substantial. At the same time, PCE in
the lesspermeable zones will tend to diffuse out of the less permeable zones.

"Termanganate diffusing into these zones will oxidize the dissolved PCE as it
diffuses out, thereby maintaining both a high rate of PCE diffusion out and
permanganate diffusion into the less permeable zones. 

This dual-direction diffusion of oxidant in and contaminant out should 
result in more rapid contaminant removal from less permeable zones than 
any other in situ technology. This capability would be well suited to the 
geological variability found in the unconsolidated deposits at the UniFirst 
Property. 

Another potent ial benefit of. .permanganate infiltration is that any 
permanganate reaching the groundwater zone and encountering PCE will 
continue to oxidize__the contaminants. This would be an advantage over 
technologies such as SVE which are limited to contaminant removal from 
only the unsaturated zone. 
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Permanganate infiltration is an innovative technology that has not yet 
undergone field-scale pilot tests at actual sites of PCE contamination, nor has 

' i t beer? implementedas a full-scale remedy at any site. Likewise, 
permanganate infiltration has not been applied in till such as that found at 
the UniFirst Property. 

As a first stage in the evaluation of permanganate infiltration, UniFirst 
proposes to assess the site conditions at the Property and information 
available from experimental testing of the technology in order to develop a 
conceptual remedial design and preliminary costing. JThe^ expected 
effectiveness of the technology and possible cost would then be compared to 

~an_excavati6n remedy. 

If it is determined that permanganate infiltration may be comparable in 
effectiveness and cost to excavation, laboratory treatability testing would be 
proposed. Such testing would likely involve batch tests to confirm the 
oxidation of PCE in the soil matrix found at the UniFirst Property and 
determine the degree of permanganate consumption by the soil matrix. 
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7.0 Summary and Conclusions 

Detailed investigations conducted during 1992 through 1994 have led to the 
formulation of a comprehensive conceptual model for the nature and extent 
of PCE contamination in the unconsolidated deposits at the UniFirst Property. 
This conceptual model provides the basis for conclusions as to whether 
remedial measures for the unconsolidated deposits are necessary to control 
the effects of the contamination present, and also provides the basis for the 
evaluation of prospective remedial measures. 

7.1 Site Conditions 

The following points summarize the key features of the Property's conditions 
that are relevant to the consideration of remedial measures for the 
unconsolidated deposits. 

1. There are two areas in which PCE was released to the ground surface:  
the waste-oil contamination area and the area to the south of the  
current loading dock. 

2. The release areas are small in lateral extent with the waste-oil 
contamination area measuring about 15 feet by 35 feet, and the 
current loading-dock area measuring about 20 feet by 35 feet. 

3. Evidence of residual DNAPL has been found only in small 
discontinuous zones within the release areas. 

4. The migration of vapors from the release zones has not resulted in 
contamination of the unconsolidated deposits significantly beyond 
the release zones. 

5. The mass of PCE estimated to remain in the release areas is small,
less than approximately one hundred pounds, a small fraction o
the several thousand pounds or more likely present in the bedrock
or other off-Property sources. 

6. The flux of PCE to the groundwater from the release areas is very
small, 0.05 pounds/month (0.066 cups/month) or less, due to the
small size of the release areas and the relatively low permeability of
the unconsolidated deposits. The calculated PCE flux to the
groundwater from the unconsolidated deposits is about 0.02 per cent
to 0.2 per cent of the 25 to 30 pounds/month of PCE removed by the 
pumping of UC22. 

7. A zone of diffuse contamination extends from the east end of the 
Property measuring about 13,000 ft^ in area. Low to moderate 
concentrations of PCE in this area result from vapor migration 
upward from the contaminated groundwater. 

8. The presence of DNAPL in the shallow bedrock is indicated by the 
findings in UC8. The magnitude of dissolved PCE concentrations 
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and the persistence of high concentrations in UC22 indicate the 
presence of DNAPL in the deeper bedrock. 

10. Groundwater contamination is expected to persist indefinitely, 
decades or longer, because of the large mass of PCE estimated to exist 
in the bedrock or other off-Property sources, and the rate of removal 
by pumping of UC22. 

7.2 Remedial Measures Specified in the ROD and ESD 

According to the regulatory decision and settlement documents concerning 
the remediation of the contaminated unconsolidated deposits beneath the 
Property, the sole goal for any such remedial efforts is the protection of 
groundwater. The clean-up level for contaminated unconsolidated deposits of 
36.7 n g / k g PCE specified in the 1989 ROD was meant to reflect the 
concentration, that, if present in unconsolidated deposits, would leach to the 
groundwater and cause exceedance of the MCL for PCE (5 ug/L). 

The 1991 ESD specified soil vapor extraction (SVE) as the remedy for the 
unconsolidated deposits. The ROD, the Consent Decree State of Work (SOW) 
and ESD all indicate that the remedy for the contaminated unconsolidated 
deposits at the UniFirst Property should commence at some appropriate time 
during operation of the groundwater remedial measures so as to avoid 
recontamination of the unconsolidated deposits. 

At the time these decisions were made, several aspects of the Property 
conditions were uncertain. The distribution and mass of PCE in the 
unconsolidated deposits was not known. In part icular , the waste-oil 
contamination area had not been discovered. The relative contributions of 
the unconsol idated deposits and the DNAPL in the bedrock to the 
groundwater contamination was not known. Also, it was not known how 
long significant groundwater contamination in the bedrock might persist. 

It can now be concluded that groundwater contamination will persist for 
decades or longer because of the large mass of DNAPL in the bedrock. The 
contribution of PCE from_theunconsolidated deposits to the groundwater is 

j iegligible in_£.omparison to the contribution from DNAPL present in the 
bedrock. Consequently, there wonkLJbe no measurable improvement in 
groundwater quality_as_a-resiiIt-oi_even complete elimination of the small 
mass of PCE present in jhe unconsolidated deposits^ 

In addition, because groundwater contamination beneath the Property is 
expected to persist for decades or longer, it is likely that vapor migration 
j^pjyard from the contaminated groundwater will negate the effectiveness oF 
jemediaLineasures implemented i n l h e unconsolidated deposits. The level of 
contamination caused by vapor migration from the groundwater would be 
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lower than the levels found Currently in the release areas, but would be 
comparable to those found in the zone of diffuse contamination. 

Because of these conditions, no measurable benefit in terms of groundwater 
protection could result from remediation of the unconsolidated deposits in 
the foreseeable future. In the event that restoration of the groundwater is 
achieved at some time in the distant future, it is possible that no further 
remediation would be required in the unconsolidated deposits in order tcT 
protect groundwater^ Because the contribution of PCE to the groundwater 
from the unconsolidated deposits is estimated to be so small, the presence of a 
small mass of PCE in the unconsolidated deposits may not have any 
significant effect on potential drinking water supplies in the underlying 
groundwater. Future groundwater monitoring will determine this possibility. 

Irrespective of whether any potential benefit with regard to groundwater 
protection could be derived from remediation of the unconsolidated deposits, 
the small size and shallow depth of the_contaminated areas, the relatively low 

jjermeabllity, aricTThe spatial variability.m soil properties at the Property 
would severely limit the performance of most in situ treatment of removal 
remedies. 

7.3 Feasibility of SVE 

SVE was selected in the 1991 ESD at a time when there was little quantitative 
information on the distribution of contaminants or the physical properties of 
the unconsolidated deposits. Based on the understanding gained from the 
detailed investigations conducted during 1992 - 1994, the feasibility of SVE for 
remediation of the unconsolidated deposits at the UniFirst Property was 
assessed according to the remedy screening factors set out in EPA guidance. 

Although the PCE at the UniFirst Property would be amenable to removal by 
SVE if only its vapor pressure and Henry's Constant were considered, almost 
all the factors related to soil characteristics and site characteristics that can 
have a negative effect on the performance of SVE are applicable at the 
UniFirst Property. These factors include: 

1. High density of PCE has caused most of the mass of PCE to migrate 
downward into the saturated zone and into the bedrock. 

2. Low air permeability found generally across the Property will hinder 
air flow. In the vicinity of the release areas outside the building the 
where PCE concentrations are highest, 32 per cent of the soil 
samples indicate a very low air permeability of 0.01 darcys or less, 
which is noted in EPA guidance as the practical lower limit for SVE.
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3. High humic (organic carbon) content resulting from petroleum 
hydrocarbons in the waste-oil contamination area will cause high 
sorption of PCE and hinder removal. 

4. High moisture content found in many areas will cause low air 
permeability. 

5. Low temperature during the winter will lower vapor pressure and 
Henry's Constant, and thus, the rate of removal for the PCE
contamination found at shallow depth.

6. PCE contamination is shallow in both the release areas and the zone
of diffuse contamination, and the vo lume of contaminated 
unconsolidated deposits associated with the release areas is small. 

7. The extreme spatial variability in air permeability will cause air to 
flow preferentially through the most permeable zones and bypass
the less permeable zones.

8. Buried debris and backfill from the construction of the effluent
trench for UC22 and exploration test pits is present and will cause 
disruption of air flow patterns.

Although all these factors will have a negative effect on the performance of 
SVE, the most significant are: 

• the shallow depth of contamination in both the releases areas and 
the zone of diffuse contamination; 

• the small volume of contaminated unconsol ida ted deposits 
associated with the release areas; 

• the low air permeability in the unconsolidated deposits; 
• the ex t reme spatial variabi l i ty in air pe rmeab i l i t y and 

contamination concentrations in the unconsolidated deposits. 

SVE can never contribute to the protection of g r o u n d w a t e r while 
contaminated groundwater persists and allows upward migration of vapors. 
It isTiniikely that protection of groundwater could be achieved practicably by 
SVE, even if remediation of the unconsolidated deposits were to be required 
following restoration of the underlying contaminated groundwater at some 
time in the future. Other remedial technologies would likely be more cost 
effective than SVE for part or all of the contamination that might remain in 
the unconsolidated deposits at that time in the future. 

If remediat ion efforts were to be applied to only the zones of high 
concentrations in the release areas, other remedial technologies are likely to 
be more cost effective than SVE because of the small size and shallow depths 
of these zones. 

In summary, it is concluded that SVE would not be a feasible remedy for the 
unconsolidated deposits at the UniFirst Property either to achieve protection 
of groundwater, or for treatment of the highest PCE concentrations found in 
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the release areas. As a result, the further study of SVE by means of field 
pneumatic testing or pilot testing is not warranted. Neither pneumatic testing 
nor short dura t ion SVE pilot testing could provide more definitive 
information on the factors most critical to the effectiveness of SVE, namely, 
the effect of diffusion out of lower permeability zones which are known to 
exist, and the length of time that and SVE system would need to operate to 
achieve any specific cleanup target. 

7.4 Alternate Cleanup Target 

When the decisions outlined in the 1989 ROD and 1991 ESD were made, there 
was little information on the nature and extent of contamination in the 
unconsolidated deposits. There had been no indication of residual DNAPL in 
the unconsolidated deposits. Since that time, the waste-oil-contamination 
release area was discovered and the contamination in the current loading-
dock area has been delimited. PCE concentrations in samples of the 
unconsolidated deposits indicate discontinuous zones of residual DNAPL, but 
these areas are small in size, are at shallow depth, and are generously 
estimated to contain less than approximately one hundred pounds of PCE. In 
view of the finding of these release areas, it is appropriate to consider 
alternate soil cleanup targets intended to protect against exposures via other 
pathways. 

UniFirst proposes to utilize the action level for PCE that the EPA has set out 
in the proposed RCRA rule titled "Corrective Action for Solid Waste 
Management Units (SWMUs) at Hazardous Waste Management Facilities," 
which, UniFirst understands, is currently being utilized in Region I. As the 
most stringent soil standard where groundwater protection is not at issue, the 
EPA proposejd-an^action l e v e n o r PCE "concentrations in unconsolidated 
deposits o l ( ^ m g / k g ^ 0 , 0 0 0 ng/kg). 

UniFirst proposes that a PCE concentration of 10 m g / k g (10,000 ng/kg) be 
applied as an alternate cleanup target for the unconsolidated deposits in order 
to protect against the risk of direct exposure to contamination close to the 
ground surface. The material that presently exceeds this alternate cleanup 
target is found only at shallow depth in the release areas. All PCE 
concentrations exceeding about 10,000 n g / k g are found in the waste-oil 
contamination area and the vicinity of the current loading dock. The volume 
of contaminated unconsolidated deposits in these areas is small, about 100 to 
200 yd3. 

Cleanup to this alternate target would constitute _a permanent remedy that 
would not be negated by the effect of vapor migration upward from the 
underlying contaminated groundwater. Evidence from the Property indicates 
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that PCE contamination of the unconsolidated deposits by upward vapor
migration from the groundwater should not exceed 16,000 ng /k

Cleanup to this alternate target would remove about 90 per cent of the 
than approximately one hundred pounds of PCE estimated to be present in 
the unconsolidated deposit source area and would increase the likelihood 
that no further remediation of the unconsolidated deposits would be required
to protect groundwater, at some 

7.5 Alternate Remedial Measures 

Remedial measures to achieve the alternate cleanup target will focus on the 
small volume of contaminated unconsolidated deposits found at shallow 
depth in the waste-oil contamination area and the vicinity of the current 
loading dock. Excavation is probably the most suitable technology for 
remediation in this situation. However, in situ oxidation by permanganate 
infiltration also deserves consideration because this in situ t reatment 
technology may not be limited by geological variability to the same degree as 
technologies such as SVE. Excavation and in situ oxidation by permanganate 
infiltration are discussed in the following sections. 

7.5.1 Excavation 

For a cleanup target of 10,000 ng /kg , the implementation and costing of an 
excavation remedy can be well defined. Past experience at the Property has 
shown that concentrations of 10,000 ng /kg PCE in unconsolidated deposits 
can be readily detected by field screening methods using a portable OVA 
(organic vapor analyzer). This approach would allow confirmation of the 
extent of contaminat ion during the excavation activities to ensure 
appropriate materials are removed. Upon excavation, all materials would be 
containerized, manifested and shipped off site for appropriate disposal or 
treatment. 

UniFirst proposes to prepare a plan for implementation and preliminary costs 
for an excavation remedy. 

7.5.2 In Situ Oxidation by Permanganate Infiltration 

The use of in situ oxidation of PCE in the unconsolidated deposits by 
infiltration with a solution of potassium permanganate may have advantages 
over other in situ removal or treatment technologies such as SVE because it 
may be less impaired by the effects of geological variability. In addition, in situ 
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oxidation would not require shipment of contaminated soil off site for 
treatment or disposal. 

As a first stage in the evaluation of permanganate infiltration, UniFirst 
proposes to assess the site conditions at the Property and information 
available from experimental testing of the technology in order to develop a 
conceptual remedial design and preliminary costing. The expected 
effectiveness of the technology and possible cost would then be compared to 
an excavation remedy. 
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UNIFIRST PROPERTY 

ENSR CONSULTING te ENGINEERING 



3140A20A 

WEST 

5.5' 

BITUMINOUS CONCRETE-

CONCRETE aOOR 

EAST 

•TPH-1A.1B 

BROWN FINE-MEDIUM SAND. 
TRACE MEDIUM GRAVEL 

DARK BROWN MEDIUM SAND 
TRACE MEDIUM GRAVEL 

TPH-3B 
• 

TPH-6B.7B » 

TPH-2A.2B 

TPH-4B.5B 

GREY/GREEN :N MEDIUM-COARSE 
QCRUSHED STONE 

_ / \ -TPH-8B.9A 1 " 

2.0' 

TPH-10B.11A-

PROFILE VIEW 
••NOTE: OVM READING OF 6 0 - 8 0 IN AREA 

OF TPH-9A. 

4.0'-

I 
4.0' 

'TPH1A.1B 

TPH-7B 

TPH-4B 

TPH-8B.9A.10.11A* 
O 

ITPH-3B 

TPH-6B TPH-58 

>TPH-2A.2B 

0 2 
SCALE IN FEET 

VERTICAL EXAGGERATION 
1:1 

4.8' 
4.6' 

I 
I 

PLAN VIEW 
•NOTE: SAMPLES TPH-8B.9A,10B,11A WERE COMPOSITE SAMPLES TAKEN 

FROM LOCATIONS DISTRIBUTED ACROSS THE BOTTOM OF TEST PIT. 

• • 

SCHEMATIC OF SAMPUNG LOCATIONS 
TEST PIT H 

UNIFIRST PROPERTY 

ENSR CONSULTING ft ENGINEERING 
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3140A21A 

I 

SOUTH NORTH 

4.5* 

GRAVELLY. LOAMY SAND; FRIABLE 

TPJ3A 

0 3 
SCALE IN FEET 

VERTICAL EXAGGERATION 
1:1 

~" ; — • „ LOAM1.5ANU; fJIAMlk. Z ^ Z " • 
^TTOAMY SAND, FmMTBOULDERSTJT GAB8R0 START AT 3 4 * " " ~ ' 

.^ESTIMATED DEPTH^TOJJN0ISTURBEOJKBLAT1ON TILL ^ Z T . ' — " 

TPJ2A TPJ1A " 

STRATIFIED FINE TO COARSE SAND; FRIABLE. INTERSPERSED WITH 
BOULDERS OF GAB8RO. VERY FINE SAND LAYERS 

v*mm* 

BITUMINOUS CONCRETE PAVEMENT 

•5»W/ V5&&T 

PROFILE VIEW 

P U N VIEW 

SCHEMATIC OF SAMPUNG LOCATIONS 
TEST PIT J 

UNIFIRST PROPERTY 

ENSR CONSULTING ft ENGINEERING 



3140A22A 

I 

WEST EAST 

4.92' 
•TPK12A ^WlMiSA^WW»^»ACym«;JWAH£ ^JPRJi :-. - _ . 

S l * — • - * *—— _ — —••*• r o t u n i v r t k t r w \ # v \ A D c r c i u n ( R M A C M r 

BITUMINOUS CONCRETE SURFACE PAVEMDJT 

GRAVEUY. LOAMY SAND; FRIABLE 

BITUMINOUS CONCRETE 

GRAVELLY FINE TO COARSE SAND; FRIABLE 
.TPK2A 

'TPK11A 

o 

GRAVEUY MEDIUM TO COARSE SAND; FIRM. BOULDERS OF GABBRO »TPK3A 
ESTIMATED DEPTH TO UNDISTURBED T1U - 33* 

TPKIOA. 10B. _ . T P & A TPK8A * TPK6A TPK7A 

BEDROCK 
-21.0'^ 

PRORLE VIEW 

u 

7.25" 

TPKIOA. 10B. 11A. 12A TP& 9A TPK8A ~Q TPK6 

V-1PK1A -A 

TPK6A TPK7A 

-TPK1A. 2A. 3A. 4A, 5A 

7.0' 

f 

P U N VIEW 

0 3 
SCALE IN FEET 

VERTICAL EXAGGERATION 
1:1 

SCHEMATIC OF SAMPUNG LOCATIONS 
TEST PIT K 

UNIRRST PROPERTY 

ENSR CONSULTING ft ENGINEERING 



3140A23A 

I 

WEST EAST 

4.0' 

WHCPETE 

IE*? 
TPL4A 

BOULDERY. GRAVELLY. FINE TO MEDIUM SAND MTH BRICK 
FRAGMENTS; FRIABLE TO FIRM 

FINE SAND; FRIABLE FRIARIF ' 
• TPL2A / \ 

I— FINE SAND; FRIABLE-* 

C068LY, GRAVELLY. FINE TO COARSE 
SAND (ABLATION TOX); FIRM. 

FINE SAND LAYERS INTERSPERSED: 
LESS GRAVEL WITH DEPTH 

BEDROCK 

- 1 4 . 0 -

• TPL1A 

• TPL5A 

PRORLE VIEW 

5.6' 

P U N VIEW 

0 3 
SCALE IN FEET 

VERTICAL EXAGGERATION 
1:1 

• • -

31PL3A. 4A 

O 
TPL1A. 2A 

TPL5A 
• 

SCHEMATIC OF SAMPUNG LOCATIONS 
TEST PIT L 

UNIRRST PROPERTY 

ENSR CONSULTING ft ENGINEERING 



3 U 0 A 2 8 A 

NORTH SOUTH 

1.2* - 1 -

1 
3,7* 

5.4 ' 

NOTE: 1PM1A WAS COLLECTED FROM THE 
EXCAVATED MATERIAL STOCKPILE. 

I 
0 3 
SCALE IN FEET 

VERTICAL EXAGGERATION 
1:1 

BITUMINOUS CONCRETE SUFACE PAVEMENT 

TPM4A. 4B» 
BROWN/RED FINE-MEDIUM SAND, 

SOME SH.T AND GRAVEL 

TPM3A* 

TPM2A* 

BROWN FINE-MEDIUM SAND. 
SOME COARSE SAND AND GRAVEL 

BROVM FINE 
SAND AND SILT 

TP5A 

TP8A 

TP7A 

PRORLE VIEW 

2.0' A 

BEDROCK 

— 1 0 . 8 ' — 

o 
TPH2A. 3A, 4A. 48 

TPH5A. 6A, 7A Q 

5.0* 

12.3' P U N VIEW 

SCHEMATIC OF SAMPUNG LOCATIONS 
TEST PIT M 

UNIRRST PROPERTY 

ENSR CONSULTING ft ENGINEERING 



Project W t t » t r a r t S\x&yJl_^£lxA. JTEST PIT. 
.Location. 

fl— Sh. 
.Ground Elevation_ 

.of . 

Total Dapth ^>-D 
Equipment H««rf \ Z > J M > . K J 'yV Z 2 H L ^ 

Remarks. 

Con t rac to r fA^T P ' - .y . U-..^.a-A ^ 

.Loggedby CT! i. \ _ A . . ^ ^ ^ 

11 
ui u. 

a. • 
« • 

Sample 

Type 
&No. 

Depth 
Range 

Soil & Rock Description & Comments 

t<Wf\n,P/i-<t / A f t s _____ 

- I 

- I 

"I 
•4 

d c 

y, I _. J ~ ' 

1.7''-2. a-. OO 

tvivO - ^ C 
s ^ 

<P*0«- c 

Groundwater 

Data 

^JA/M. 

Time (Hours 
After Completion) 

Depth (Feet) 

°~Dry 

ENVIRONMENTAL BESEAROHJECHNOLOGY INC 



PROJECT-
DATE 

3140-016 SITE. UNIFIRST 
5/13/9? LOCATION WOBURN. MA 

TEST PIT TPA SH. 1 CF_J. 
GROUND ELEVATION. 

TOTAL nFPTM 74* mMm&rxnn FRANKLIN ENVIRONMENTAL 
Fm llPMFKfr i L<a=n CASE BACK-HOE UOGGTOBY R. BAKER 
REMARKS Material identified as ablation till, getting somewhat firmer with depth. No obvious stratification. 

macropores or roots observed. Slight and moderate dampness observed in horizons C3 and C4 
respectively. 

> 
LU 

Q 
SAMPLE 

DOTH 
RANGE 

SOIL DESCRIPTION 

TEXTURE CONSISTENCE 00U3R COMVB^TS 

5 

10 

-15 

- 2 0 

25 

30 

35 

40 

•45 

50 

55 

h 60 

65 

70 

75 

80 

85 

ASPHALT 

gravelly sandy loam 
(fill) 

friable - 7.5YR4/2 
. brown to dark brown 

C1 
cobbly gravelly 
coarse sand 

firm in place 10YR4/4 
dark yellowish 

brown 

sandy loam firm in place 
C2 TPA-27* 

10YR5/3 
brown 

mottles-10YR6/2 
common, medium, 

faint 

G3, TPA-37* 
gravelly loamy sand friable 10YR5/3 

brown 

mottles - 7.5YR4/4 
and10YR6/2,few. 
medium, distinct 

C4 TPA-44" cobbly gravelly 
sandy loam 

firm in place 10YR4/4 
dark yellowish 

brown 

mottles - 7.5YR4/4, 
few, fine, faint 

TPA-74" 

soil gleyed and nearly saturated 1 *- 2" above bedrock surface; 
immediately above bedrock depressions is approximately 1* of dense 
silty clay. 

BOTTOM OF PIT @ 6Q--74' COMPETENT GRANODIORITE BEDROCK 

Collect undisturbed and composite samples at 27", 37* and 44* below the 
ground surface. Collect additional composite sample at 74" below the ground 
surface. TPA-44 was collected approximately 3'-4' southwest of TPA-27, 
TPA-37 and TPA-74, which were within the described profile. The profile 
at TP-44 was very similar to the described profile with the exception of 
cobbly sandy loam in horizons C2 and C4. 

iu 
10.2' 

I 

TEST PIT PLAN 

20.2' • ! 
NORTH 

0 
GROUM3WATER 

DATE 
TIME (HOURS 

AFTER COMPLETION) DEPTH (FEET) 

Eicat CONSULTING & ENGINEERING 



PROJECT 3149-01 6 
DATE 5/13/92 

SITE UNIFIRST 
• - • • - < , > 

TOTAL nPPTH 55' 
LOCATION WQBURN.M 
CONTRACTOR FRANKLIN ENVIRONMENTAL 

TESdCJplI TPrB--ar r *g£ l lC 1 
. GROUND ELEVATION ' , 

Fm UPMFKTT i i.ca=n CASE BACK-HOE LOGGED BY R.BAKER 
REMARKS Angular coarse fragments observed during excavation were identified as Granodiorite 

weathered in place. . . •-• •. • 

SAMPLE 

D B T H 
RANGE 

SOIL DESCRIPTION 

TEXTURE CONSISTENCE COLOR oofvtwBsrrs 

- 5 

"10 

" 1 5 

- 20 

•25 

•30 

•35 

40 

•45 

•50 

55 

60 

65 

•70 

75 

80 

h 8 5 

Cl 

C2 

C3 

C4 

ASPHALT 

sandy loam 
(fill) 

friable 10YR5/3 
brown 

mottles-10YR6/3, 
common, medium; 

faint 

stoney loamy sand, 
angular coarse 

fragments throughout 

firm in place 10YR5/3 mottles-10YR6/3, 
brown common, medium, 

faint 

TPB-27" 
stoney gravelly 
loamy fine sand, 
angular coarse 

fragments throughout 

firm in place 10YR5/3 mottles-10YR6/3, 
brown • common, medium, 

faint 

TPB-37" same with lenses firm in place 
of fine sand 34"-38" 

2.5Y5/2 mottles - 10YR5/3, 
grayish brown common, fine, faint 

TPB-44" stoney sandy loam, firm in place 2.5Y5/2 
angular coarse grayish brown 

fragments throughput 

mottles - 2.5YR4/8. 
common, fine, 

distinct 

BOTTOM OF PFT @ 55" COMPETENT GRANODIORfTE BEDROCK 

Collected composite samples at 27", 37" and 44" below the ground surface. 

i 
5' 

X 

TEST PIT PLAN 

M 23* • ! 
NORTH 

® DATE 

GROUNDWATER 

TIME (HOURS 
AFTER COMPLETION) 

DEPTH (FEET) 

CONSULTING & ENGINEERING 



• 

proj^tM/^/k GvJ-f ^ P [ ) n i p ^ 4 ffinpffiEST PIT_£ 
OAtA " J S ^ / q X » A c t i o n I W j P r ^ f - fetfSpfefUfef/ CrnnnH E l * 

To ta l D a p t h ^ " ' O r n n t r a r t o r pfY_> A j r T i ' H 

Equipment Used f f o c k h O l g , • . .., —Lojgged by / / ] ' 
Remarks S o m a l i r p ^ f l r a W w e n T 1?) l a k - H \ r fln/7/i/</A f Q £ . 

Sh 
Elevat ion. 

i_of_i 

i m p ^ -pp/>fl 

Contractor, pTA P\ Jf hTl _̂_ f _______ 
flC^M* ,: , . .., Logged by , / f) ' / / / flOP£ . 

4- for mo\y<ii.< V0C,t Others-fofaZ ftr / ^ n i r ^ rrrc'r^rrl in i ^ a^Jr" #• Q ^ ^ J R Q M S 

2 • Is 

I 
•IS 

•3-S! 

S 

1K3f- 3.9-' 

-H-

-S" 

-t 

-7 

-2 

Sam 

Type 
& N o . 

TfC2ft 

p'« fr Ink 
Depth 
Range 

Soil & Rock Description & Comments 

" - — A W 
& & S J P 4 m i * & a4k>JP<y^<{ra.iie\w\fPf 
^ I r i f f l ^ "ft- CoarsV brown &W 

6ecor̂  layer o fh$ fhu l tO&-

E f t / 1 ^ TP S 0 & ^ 

v 

Test Pit Plan 

North 

T 

Date 

Groundwater ( \ / h Y\Q 
Time (Hours 

After Completion) Depth (Feet) 

EFT 
P N U I R O M U C M T A I O C C C I O T u t T C r ' t i f c i r u ( V * V lfc«* DRAFT 



>^j,^ I W I CrA-\j c ^ / Jn /FM . / W ^ T E S T P I T -f 
n.t. ^ y ^ \ Z?*P^*J^B*c f ]OoM 

.. t f - . , - . . . y , , Site I 
- ~ ? y ^ \ ^ ^ y ^ t n r a t l n n _ . . . . . 

To ta l Df tp th - f T « ( A P r f i n t r n r . t n r F r Q A / H / / ) 
PqnipmAnt I l««H f S /7/~ ^ / ) / O P - . 

Remarks \ 

^ S h i of JL 
vation 

-Loggedby, W > U P V C ^ 

l l iu u. 
a * 

Sample H>hh 

Type 
& N o . 

Depth 
Range 

Soil & Rock Description & Comments 

0> 4^r S-i h (M.F&vrn TTU^PM^ 

-I. 

-Q-

-3> 

-jpm 
wM^ 

p 

-+W 

-ir 

-b 

re.m 

W4JrUil( 

o p J/lMAriJp4ipx\ (pJSUt PpSJy< hc^J^/ . 

yj/M a •fi J l 

Groundwater /\/rQf) & Test Pit Plan 

•h - ^ - 1 North 

{->. 

Date Time (Hours 
After Completion) 

Z*L 
Depth (Feet) 

ERT 
ENVIRONMENTAL RESEARCH « TECHNOLOGY INC PEM1" 



Project SiA:C\*sr U . l . Site j J » W s t 
" « * • W / ^ / f H ' tnmtlnn \Jtk.rr. MA 

Total Dep th . 
Equipment Used. 
Remarks 

-Lil—Co 

TEST PITTPE .K / \< i 
Ground Elavatlon ^ — • 

ntractor. ( T / i A ^ k L : * , ________\lt^S^J^_t____ 

Jkh'r t /QfMi* 7 / 0 A 
Ix b t \ C / i . \ f i 7 l a ~ , - \ A c/tt -*^ ' i°-r-

& * • > * * St>~TrX - m Aiiit-rk 

IS 
UJ u . 

&s 
Sample 

Type 
& N o . 

Depth 
Range 

Soii & Rock Description & Comments 

N 
tt~HHT. 

- I 

- X 

- I 

- * i 

- s 

v̂ 

-? 

______z_2____Z 

Bre***, M t lS^MO, So** $ ' " * ^*~** *^A 6-^n<L 

« ' ^ ' « ' ^ * i ~ , * r r r 
TPE'iftO') 

6A.AI/BL-. T n * ca-*' 

TP£5A C*.?0 
i &ot e w 
of r te iA 

Wt«.1htittt* 

CA*UO 0'iCt.lZ.f A/̂ M 

S . j ' 6o'TTo/n <*/* Pit 

Test Pit Plan 

; r " . i 2 ' ' f - - * \ North 

T««M 

Groundwater 

Date 

r/wfe-

Time (Hours 
After Completion) 

3- 4*/K 

Depth (Feet) 

VO COojJi * f * t& t 

F i g u r e 1 T e s t P i t Log ir^p A I&T 

file:///Jtk.rr


Project 3 / * * O ~ 0 ' G - <T/C s i t e - k j * l £ l 4 i £ _ 
Location Wofi^i /v A) A 

TESTPIT_£L Sh ( nf / 
.Ground Elevation Date. 

Total D e p t h J L J L Z J 2 _ ! .Contractor PAA^J/U*. B^ f i i t * * , /» «* M l 
Equipment n«ari J " ( " I M OfQAo "7/6 6 Logged by *-. Htja.ru 
Remarks c<*^^n ^.nc/ne SuS.e_, _ 9 * u * u * , / /C»*v & P . T TV k / t i r . 

- L i Q d A r t H - ^ S 4 (-«V-a.1>-rt . 'WHr * - * f C T f H . - A O t U l & u x - * l S c A l f 

Mtit-H. 

EN2R Figure 1 Test P i t Log D D I R / A W W 

http://Htja.ru


Project A l 2 l L £ ^ £ i k l S ! L _ S i te O ^ . ^ T 
Date y / j g / f a . I n r a t i n n t V . f e . ^ SHA 

T E S T P I T j * : sh_Lof_L 

Tota l Dop th Lf.r - G 

Equ ipment u««H .TVAA.. O t t / j f "P id A 

.G round E leva t ion . 
Con t rac to r £/f/J~Ktf«. f .~ A t j * - A fy\TV <-

.Logged by . c. y & '1*A-

Remarks _ f a * ~ d l*x/zaee S u / f i O ^ ^ ^ a ^ f & h * C / j ^ T TV S / K T T l n . ;< 

li 
UJ IL 

Sample 

Type 
8. No. 

Dep th 
Range 

Soi l & Rock Descr ipt ion & Comments 

J 

h i 

. x 

I 

S 

< 

ir 

7-

) 

fa(M*t 

< 
G/tfy y»fC S&ixi^ ^ s ^ n j ^ j i ^ P ^ ^ 

5 / ^ A / F-c s>AhU>, en^ti ^ / C . A : V 

' " * * • • r H i » . 

H-w nff*\ t Bo77o*» Of P r T x - J 

&*r 

w A t t 

Test Pit P l a n ^ T ? * ?<J S*\, f 4 

0) 

Groundwater 

Date Time (Hours 
After Complet ion) 

Depth (Feet) 

E N S B X-""34,^A Figure .1 Test P i t Log nm A FT 



We\ls 6+W TEST-PIT J i .Sh. Project (J ft. •Vvrb'V" Si te. __^^_ 
Data 7 / 2 ( / / q j ^ Location UJofrjrFy. fir\b .Ground Elevation 
Total Depth 6 6 " Contractor FP<NAM' 'A gAv.'f^AMgfc/QJ-

.of. 

Equipment HMd CaAC'^C i » w . U ^ i , s ^ . U . toggndby / T P / ^ A i < U 
Remarks Ho c*kf.. AA+i<.<*\y'* •• pVf <-'H <"*-$ QA/'-tof ^ / /kpkJir o * a / j c4< * /frrei /**>-* 

«V ^<_>o A ^ i ^ ^ J - i H i ' t i ^ . 

is 
Uj u . 

IS 
Sample 

Type 
& N o . 

Depth 
Range 

Soil & Rock Description & Comments 

o-5 n p e i A f o r c e d c&*xCrt t c 

-.5 

. I 

•1.5 

. 2 

26 

• 3 

36 

•H 

• * * ' $ 

• 5 

• 6 . 5 

TPjHfl 

T P H - ) B 
5 -zf 

brouJA f i n e <sv\X M e A i ^ ^ SVlA^b 

Wore. 5<x^/>'*s u * t r e -h^k*^ ^ i . ^ below H o . w ^ v c t e , 

27--55 

T P H - 2 B 
CSv/Cc) 

56 - 5 8 
jrH-^n.n/ 

*=p 
5 8 - " ' 

.rav JL 

I^leU-. SOP-^IS'S. U»erc f<J««^ } o s ^ £-to.A« / - ^ o ^ p k c J U 

^ S P ^ I T (£>M*er <jcc/c / eJ t l j 3<^oA c<vul ' '^ 'o^'- 5a/-/cl 

grpc^y^reeA /xed'U*. «v«->A c i » A c <o?/|UPL 

f c j e ^ - A/O SQJ\<1 P*Jkr*j.AejP) 

b o r f ^ o f ^ . T ;. fcfc 

More •. sr<^p/« o< / f c ^ k J f- foJ<cA T P t i - H B l 

r p f t - i g j (Si/dc) 
TPH - 7n J 

Test Pit Plan 

ih i' H North 

® 

Groundwater 

Date Time (Hours 
After Completion) Depth (Feet) 

ENSR F i g u r e 1 T e s t P i t Log 



ENR TEST PIT LOG Sheet I of 1 . 

Project No. 3/</oAjj4-osd Date /^/V^ Test Pit TPT 
Project Name ( J n i f l Y s ( / l i C . D X t p P t f f Location/tfV/VTIft . / f e / c ^ ; n / ^ 7~ft^ - Ground Elev. -

Total Depth J J M ' " Contractor -FtUm/itlM. t n i / / r t r 7 r * ' , v rpBxp ' 

Equipment Used • DSCk-do^ - . . Logged By vA u J i S e W A t f 

Remarks M4Jl i inu>i>\ ( M o I ' e A u U ^ =• 5 p p i y i j i t . & r h f fsnO Ju lA* .c r r r r f d A f i / u t X J - j . A c y y s i i . ^ u U t i ^ k . i i r 

j>yicoH,n-k\ree( 

>'&4uUu-( 

Elev 
Feet 

> 

Depth 
Foet 

- i 

• j 
4 

- 3 

- H 

-5 

.. Sample 

Typo* 
No. 

• \ 

Depth 
Range 
fin) 

0-4 

4 - V 

ih-io 

lo-Zp 

-24-34 . 

3\-9\ 

5 5 Test Pit Plan 

^ I 

V 

t- ft . 
-= -> " » ^ 
1 

p . 

V O 

\ 

t -

p y 
North 

Soil 4 Rock Description i Comments 

i tapMi 

a y c L ^ t i U l o t i *M i i A i u L 2 S Y fe>/-r f r u t b l t 

^ K A U : . , . 

• 

loaviiM SAMJ. A2.6Y 3/2. . {ruiiie 
TT 

'teowMj «wuL ^ . S Y 5 /4 + \ m j W l ^ a l j ^ U . ' o 5k .4 £ 3 * ' 

gnJ i f iU A*e b cc*vsc ^ d j p^i°l<- 2 3 X ^ 1 n k ^ m ^ u : / 

Groundwater 

Date Time (Hrs. after Completion) 

1 • • • • 

Depth (Feet) 

M890249 



EM3* 
Project No. 

TEST PIT LOG ^r 
Sheet / of y ^ 

2»Po - PAY-oso Date n/z/93 :' T.stRt TFty 
Project Name 

Total Depth _ 

P n / p l S j / O C J > K&JKPt ' LoationA/y<7r,rlet/yP6yf: irdu- 7 P £ Ground Elev. 

<5v Contractor J V ^ A H A L I A . PJHriJ-artnteylfaJ 

Equipment Used -MfJ-JU)^ . Logged By T.' UJiuwuiix 
Remarks nldJtota/s. td/ / 4 W Myatony 4rc6./er ^ ^ /O.flfnf Ae.jrfaJiPc'L P ~ J j f & ' y ' a r n u U r s f 

r-szrAArCjr friu- 7j.pf>tvi {g. , 1 . S r b&.s . Only pkyj tazP s***fk-±- 6d(tc/eA. kctey AC 

& 
ZtiCOUnhts-irA . 

Elev. 
Feet 

Depth 
Feet 

Sample 

Type 4 
No. 

Depth 
Range 

Soil 4 Bock Description 4 Comments 

OH d&r^cJJr 

4-Jo Artxvdiu Ica-xirxo u.v<Jx. 2-5 ̂  W^ jncJoi-c 

y?o /Az^Md-'A 

% - l i \ -

2H-M 

13-50 

\0A<** & U . to/bacii fra^vuewfe fruO,(e 2.5Y .3/2- . 
\ " ^i.up!e TVP1A ioAAcj y b i d t d c ^ ( u M A i ^ t y ) 

v̂ao'eAU Avie bcoa^p SAV^<.; fj-w^te 2.SY 5/4 . 

--.—— ' ^ ~* ' -
dr&^etU Nudox̂ xtry. b coarse nxiw-*( fir M 2 - 5 Y fc/2. btfuiav-if-s 3l ««Jot ro 

- ^ 5#>wpk TP\C3>i\ CoKecK-J, S&AM-C parav«.<«rs a&a t><^ t^ ^fo" 

tiMtvJJeU d^pfU -\>> UMdxi.4u.tb*J- ^U - 3 3 ' ' ; 

• • - . . . • y O « ^ i - p t r w ~ e * ^ 

SBLOC. TF<Jfi C6lleckA % " 6 « , K 4 W „ ^ « panm«.ie« « "<**<-

^ t ^ t e . T ? ^ 8 « COl^y. 16!' «Oto*-e^rt/ e^vxd f&nwJus <£.-doii±. 

$Oautk 1 W ? f t 0>lk<J-c4 ^ " i**S* * / ' ^ , > t M <? f X H o a ^ J c / * ^ s * k x 

! 
Test Pit PI. 

j = ? * P * a ^ | -
Groundwaler 

— ,9/ 
Q 
North 

Date Time (Hrs. after ComplQiiooj ' ! Dsf.-inr-.^i) 

M890M9 

http://UMdxi.4u.tb*


ENSR TESt PIT LOG Sheet ^L"of Si 

Project No. 2 A H 0 > - O 2 - 4 - O S O Date •12-Ul V Test Pit T P K 

Project Name 

Total Depth _ 

J)rJv^i>P QCO "g-ta * A 

J£LL 

Location £ £ (W f * * S _ ^ \ 2 L ' C*x.J T f i £ Ground Elev. __ 

Contractor <r-t~> N < - V . - ^ <d_»a>v>Vt~«-^—rr-o-~>J-,—r\ 

Equipment Used y ^ c - c > i . L o g . Logged By. "3: L̂ : -i&a! 

g ^ ^ T f M C t z / a h ^ g-faWSLfi .V tCg-sl cr^ fa.k\V3>. ^ w ^ o > &^UJtrc£) « U ' uVt>-t e£. 

Elev. 
Feet 

Depth 
Feet 

- 2 

- 3 

- A 

- S 

Sample 

Type 4 
No. 

Depth 
Flange 

•3Sb 

.36" 

5 V" 

Soil 4 Rock Description 4 Comments 

C~^W UT^bT^A UvT?i< ^ U \ ^ i 

r <<Nfl.fr w t V ^ * , 
S t e l l a . " ? * \ 1 * . • 2 3 " ^ • ^ r U w l ^ S ^ r ^ 

S ^ o U ' P ^ V O A " S3." " B ^ S ^ r ^ w J ^ p ^ 

^ e . ^ ^ V i M o . C < > i " - e ^ S £ - - ^ S ^ c & a . . 9 0 J > . - S O o o ( o - ^ 

* * ~ * v * - ? v - v o - S * ' - * * S ^ ^ C c ^ ^ ^ W ^ o V * w o e f i . 

Groundwater 

Date Time (Hrs. alter Completion} Oeptfi (Feat) ! 

M8902U 

TPU>\-2_ 2.3." G^S 

http://Nfl.fr


ENSR 
Project No. 

Project Name f j u f r r t f / IJCb £ h J M 

Total Depth VoL 

Equipment Used D o b c a J -

Remarks : _ 

TEST PIT LOG Sheet of 

.Jjpo-o^-nyp . Da.fl /^/y>3 Test Pit T A L <A,iW* 
Location i r s i i / f fl/ffj • { r ,n / l ,~ . , ,-/*rL a r > ^ r^r,i,r,r\ Elev. 

Contractor f P z U l k L i H frwhVKyyirtiyJ 

Logged By J P (J iSd- iUJy l 

Elev. 
Feet 

Depth 
Feet 

Sample 

Type 4 
No. 

Depth 
Range 

Soil 4 Rock Description 4 Comments 

C-M O y j c r e > < -

- 2. 
| V 4 8 63^b(u *n idcU_n -^rvL js coarse, i a ^ C ( r . b l a f « r . ^ 0 J 7 ^ fc'' 

fine ^awiLlcLiy.^ i n k r s p t ^ s ^ /«s5^txiv/ei w / ^ ? p f K 

/ Sample T P T l ^ -38" bc(e^ CCAC*CK *U.Vkcc £TY V'OC-O^ 

• ^ a w l e . T ^ I S ^ bulfc.tfU*vt«^ ^ \^ ' ' kd^cc ryKr t i< i',^auxx.\aM1ejr 
. ».- ' MOrv%£A*<-£.fr<j _ Avow! i i j t OAx>i^Ku-e c«~il«-vi' 

Sct*up(e T ^ X ^ ^ A ( j u i k o t * p ^ ^ / ( ^ ' , » ' ^ 1 ^ * " ' j ) - M-^x4iircccrAltrf\^ 

57 ©3A.HA 

Test Pit Plan 
? > T/3_l.ft,2/> 

& 

Groundwater 

.© 
North 

Date Time (Hrs. after Completion; Depir j r f r -v 
— • 1 

11890249 



I C J I n i L.VJV7 ' I Sheet v of v 

Project No. ; S \ U Q - o V S - 'Z-M.O Date -Hjld *\M Test Pit T ' f i r A 

§ 
I Elev. Project Name V - ^ K r v W O C Q ~ ^ £ > \ ft-A Location -Sc OH-M-CCS ^\S<, • flfcXTPr. Ground 1 

Contractor \ -P6^^\cVv .-^ F!.~<v • ro-yvfyo-^-fc-c-A i > - T J- i f V 

Logged By "T^T. v k O ^ T S ( <S. Vt^" .^V^.<~-\-t^ 

Total Depth, 

Equipment Used 

Remarks 

U xtvxtx* p- - ' - — p ' — - , »_-^. — w v y y ^ p v . x . j ^ i . - - " ^— • -

^\V-S.V ?**>•*-$.- ( J \ \ L S & ^ V > T?>.W .S;SUuttA\ 'uS>Uv. ^Lxr%l£0{"icrx. 6 ^ T P * A 4 _ £k '»ck ^ C ^ X - £ ^ r t > ^ 

Elev. 
Feet 

I 'Depth 
Feet 

- i_-

- b 

- 4 

- c * > 

Sample 

Type 4 
No. 

T P ' ^ x ' h 

• X V ^ x x u 

Depth 
Range 

0 - ^ 

G-W 

w -WW 

s4-tS 

Test Pit Plan 

lOiC" 

M S - 5 ' 
T P * U * 
T P « J 

-2£-^__t a 
^ wS 

' s ~ , North j I 

a- 5" 

North 1 I 

Soil 4 Rock Description 4 Comments 

^ V ^ v _ T i>CR-vr{V.OcI 

S " ^ ^ " ^ , Su-crxO- S " . V A .;~p~-& <vrvO<iX 

t ^ & s o a - t c £ o r ,V ( i - iVcr .^ l-wAt'c^- - k i t -9." V , Z S o Fp.--> &3*^ T « P X . \ ^ 

V>r 

. ^ j — r ^ ^ v ^ ^ o »_rf_t>-<ag_ ^ p \ V ^ ~ b ^ c J ^ - v U . 

.V 

r j r t - = ~ 

s, w 
e * J ^ 

e£- - r ^ . o ^ "S> t , l o- b V : 

r r ._V>U 

TP<^\i_r\ 

Xp/W^r*, 

C. i \nyS ^w\'<ixo.'0t-<^>VvN ^>;U; t - m r b i s s**- ^<^c , S ^ c c 

<VALJ_V:C&. 2.VV>^v vL<- \}oC_ , 9 - ^ S ~ . C i - l "V^--^—-S^r-.> 

C c i U - d c £ 4 . ^ V v ^ V ' "J^^-
Ccvvcx-Vtfl a N S < ^ ^aw- v i a e . 

Groundwater 

Date 

4|zshM 

Time (Hrs.. j-'ter Completion) Dep;. (:7:st} 

»oC-v ^ > ~ « v ^ y ^ y ^ JT ^S<tL ScaTOCCi fcb-

M890249 



Appendix B 



Appendix B 

Boring Logs 



Project No aCfOrOfi-Sf?- D a t e . S t a r t t/tf/fc F j n i s h tf/j/fl 

Sheet l of J , 

Project Name Un'ih'rs. + . Drilling Co. 

Location ffttk/ete Zydey a $ d - n m - &(-? 0ri(Iing ^ ^ 

Inspector ^ L M ^ ^ M . 

* & 

Boring J>((-

Total Depth » ••* 

Remarks 

. Reviewer. 

0\JM. 
m. 

Depth 
Feet 

Sample 

Type 4 
No. 

Blows per 
6 In. 

Depth 
Range 

Rec. 
Graphic 

Log Uthologic Description 
Equipment 
Installed 

— 1 

S - 1 
2£> tv* f 

— 2-

— 3 

S - 2 H-loHX-
MS' fr 

— S " 

s-s- & . 
<*$' 

ir 

- > • 

4" osaMii 

^fruples, "felJUAA ( g o a t y so>0 
|O'.30 B i s A* 

/ * : 

3Q*pU- -Toe , 3 * ^ i"l5*' 

3as -

MSST _ 

M890278 DRAFT 



Project No. 3 lH0~0l_-- S l y D a t e . S t a r t 

Project Name ^ / h l ' h r S T 

(p/lt/lT- Finish t/fffr*~ 

Sheet 1 

Location H4W f)C4 

. Drilling Co. 6CQCPQ 

Boring 

I C 

Total Depth 4.SJ' ^ (\J(<tei4air^ 

Remarks £ b n k . k e J Jo -x3CClL Limmiy au S -2 -

. Drilling Method m± 
Inspector . Reviewer. 

" B ^ . ' 
of j . 

0 W pprvA 

Depth 
Feet 

Sample 

Type 4 
No. 

Blows per 
6 In. 

Depth 
Range 

Q A A 

now. 

Graphic 
Log Lithologic Description 

Equipment 
Installed 

S-1 28-24-H8 
- S T 

«f r 
KD 

S-2. 25V « ' 

L-5 
5-3 7f.-SX-W> f" 

3 ' jis&M 

r ^ W J l g 2 V , «*»«* 4 ' OJU 
tUJMtfcA - f c l ' t ,U&4L i C o l b V**uuer 

4tM4. M«*> en.. 

gnurtW^ J . ^ o c SAKlfc, » J « ^ < ^ 

5*»MpU~ foe -2^rOi*i s ^ t 

4lH &uJl rock f a 3 v v ^ / W ^ s £ 4 . S ' 

U'.36 £2.5»B>A 

Suti^or^e ̂ ' 

1̂ 44 J 

->sr J 

75T 

M890278 



Sheet 1 of f I troac 
Project No ^ h ' 0 ( ( > - S 7 9 Date - Start 6 / ' f / l * - Finish -J>/__?/_______ Boring " g3> 

Project Name U f l l iP^W ' Drilling Co. C^eoLc^tC 

Location t i lAr VC-XT' 

Total Depth W Inspector. \Th< 
Drilling Method MM. 

ittMJu*x_ Reviewer. 

Remarks £ c u / f t £ e < / Vo 3 o O fj_ ( u L M U i & r f j L S ~ 1 

Depth 
Feet 

— 

I
I

I
I

I
I

I
I 

— 3 

— H 

—s 

— 

Sample 

Type& 
No. 

s-i 

s-z 

S-2> 

Blows per 
6 In. 

SST(Wl) 

IS-20-2*-

S8-K-
«,-*?• 

too/(" 

Depth 
Range 

. " ___.* 
&-2.S 

2 5 % 

Flee. 

8* 

« > • • 

0 

i 

Graphic 
Log Lithologic Description 

2> tu,phU.-f 

rock- ty* , S4w*^vwJ; f.4oC, SAMT> 

K=oo *B££AA 

-fee tfnu** i« J«-

roci. »*v +\p »^ «/>oo*i 

^ fff ~fryruy £ * / ' ? " 

OVM f p * 

Equipment 
Installed 

— 

Mss -

— 

* : 

— -

= 

M890278 DEArl 



3lKfO~0l<''&l<9 Date - Start / / / j / f Z Pini.h 

; Drilling 

Project No 

Project Name 

Location Xlfl-*- & £ S /JUsC fa(J . l*4 deck . 

Total Depth Q L I J £ . _ Inspector 3 A J / S t m A K 

Remarks /?6<fe JiAMUtUS L U t ^ C * 

/̂n/iz-
Sheet 1 

.Boring 

Co. &eoLe>ljl<' 

Drilling Method 

. Reviewer 

tfSA 

3 5 
*~n 

CWM. 'PP** 

Depth 
Feet 

Sample' 

Type 4 
No. 

Blows per 
6 In. 

Depth 
Flange Rec. 

Graphic 
Log Lithologic Description 

Equipment 
Installed 

£-1 
18 O ^ 

|t"-2S' IO' 

*C Oi*C l *A 0 

3 " amarttc 

$ « * « % £ +o C. SANtJ-UjAJ* tku^b 
Sd»s>Ut •. 3 4 M A A O*«-03 sot I) 

0\fcrrOk!A^t 

•&U»f/bo*wj@l 2.6' 

_J 
M890278 

lUiirU^ir ii 



Sheet I of / 

Project No.. 3(¥0 -QI6SC7 D a t e . start t/ j*/?*- Finish t f o / f l - Rnring 8 & 

Drilling Co. < ^ g f c > £ ^ < Project Name (MfflrSr 

m a r SiPSJ 
} ( c 

Location. 

Total Depth 

Remarks 

( c S ' Inspector. a: & 
Drilling Method #s4 

/ & * t v i t O ~ - Reviewer. 

Ql/M ?p* 

Depth 
Feet 

Sample 

Type 4 
No. 

Blows per 
6 In. 

{Ho ft.) 

Depth 
Range Rec. 

Graphic 
Log Lithologic Description 

Equipment 
Installed 

— / 

5-1 P4-35-I1 
\6 

V 

L" 

$-t IrS-M *sV f* 
— / 

6 ^ y\.\%'Tl- i ' 

— (, 

as/?i >k<U-f 

5aunp[e. B5MAA 0 8 d , o 3 s " l ) 
IUS 6SSAA 

baU seuMfU £r*yo<>*kp fa'fa-.*** 

Scuu^tev -^SMfeA [ W o ^ f i ^ y 

•&t-f.&*y & ° ' 

^ : 

57S"- -

i ? * 

M890Z78 

DEAiri' 



EN3C 
Project No ^ T O ^ ( C " fT/<? Date - Start 

Project Name [///ff irST 

Location /fr%t^ / / 'CS 

Sheet 1 ZZZ] 
Y ^ / H Finish 6/flAr2- Boring R l 

. Drilling Co. SpPrott ' * * t c 

Total Depth a?.S' 
. Drilling Method 

Inspector ^ ' U l i i f M - & * Reviewer 

Remarks JIA/P ST/yP/rC •&, 3O0 (i> Aai*.l*er 

WMpj m M 

Depth 
Feet 

Sample 

Type 4 
No. 

Blows per 
6 In. 

Depth 
Range 

Rec. 
Graphic 

Log Lhhologic Description 
Equipment 
Installed 

Sri (\HQ\\>) 10 

3((a»lt) X 

j f*U/Mf 

' • ' ' ~ * . * * * * * * \ 

&*jkL_:r^^AA (Hz.^ & \ ) 

fa* ' / ^ S 3'T' 

y --

M890278 BE^irT 



Project No. 3 - f O ~ 0 f C ' S i f Date - Start ( / * / > * Finish < / f l / * 

Sheet i of __ 

Um&it Drilling Co. <Jj?<y6b> 

.Boring .B2i 
Project Name 

Location /fCW/. ccf Ato/tLtc* } j ttnU c f r W C & k Drilling Method f & 4 

Total Depth — : — U , r : Inspector c Z - Ci/( 'S€*U4J*x Reviewer -

^ c 

Remarks /)4Jf JUnfc t .-h 3fd H> 1\6*<UH: / 

OvM W 
Depth 
Feet 

Sample 

Type 4 
No. 

Blows per 
6 In. 

Depth 
Range 

now. 

Graphic 
Log Lhhologic Description 

Equipment 
Installed 

5-1 f 'O It) 

r 

s-a a-v-n-m id**' U 

Y 

3*tefh&Jt/ 

4 ^ 5<<UMr,3€ 

?5 _ 

/ 

f lu f f A*"^ 8 3 ^ 
/ 

M890278 

DRAFT 



PRIMUS 
Q A HaiiiQonon Company 

Projc. t 

V e i l s C 4 H Remedia l Inves t iga t ion 

T D D No . 

Fl-8»09-01 

Sheet Hole : 

Loca t i on 

23' West of U n i f i r s t B L D C 

Angle f rom Ho r i z . 

Ver t ica l 

17 DEC 8 

Comple ted n . i l le r 

NEBC 

Or i l l Make i Model 

Mobi le B-5 3 

Ho le D i a . 

3.3" 

Overourden 
( f t ) 

62' 

Rock ( f t ) 

20' 

To ta l n 

82-

Core Recovery (ft) 

20' 

Core Dx» 

2 

Samples 

12 

S i m p l e Hammer * e i g h t / F a l l 

l t O l b j / 3 0 " 

E l . Top of Cas ing Ground E l . 

i . a t i n g 
Sol.d Sen 80 PVC 1.3" I .D. 
Screen 0.010 slot 

NUS Inspector 

Go lden 

Depth to T o p o t Re 

Dep th 
Sample 

N o . 

P O i - K 

C o r e / R e c 
(in) 

SOU. 

Peiv 'Ber 
(»>) . 

Depth 
I.Uer<at 

( I t ) niows/6" St ra tum Descr ip t ion 

_______ 

i .. 

10 

13 

20 

" .. 

30 

CRANI ILAR soluS P iopciR TIONS 

m 

350*6 
roy.ot 

/5T»0 

FU1: F S A N D , SO C Sand, . 

SO F / M Grave l 

i F S A N D , SO C Sand, 

I F / M G r a v e l 

G R - G r e e n F SAND, SO F 

Sand and S i l t , TR 

TR C l a y , TR F Craye l 

G R - G r e e n M SAND, SO F 

Sand and 5a t , TR 

G r a v e l , TR C lay 

Sandy T i l l h ighly compac t 

F S A N D , S i l t and Clay 

G R - G r e e n Sandy T i l l - sand 

percentage decreasing w i t h 

depth 

ABBREVIATIONS 

H l o w i / F t 
0 -4 
h-10 
10-30 
50-50 
>50 

Dens i t y 
V. Loose 

Loose 
M . Dense 

Dense 
V. Dense 

IJ5ED 
Trace (TR) 
L i t t l e (L l ) 
Some (SO) 
And 

0 - 1 0 % F-F ine 
10-2'j'te M . M e d i u m 
2 0 . 5 V ' , C -Coarse 
n-JO-'D r / M - F i n e to Med ium 

F/C-Fine to Coarse 
V-Very 
G R - G r a y 
B N - B r o w n 
V E L - Y e l l o . « 



• 

PRIMUS 
•I L J CCPPOPAVON 
^ J A Halliburton Company 

I ' . * . , i 

Veils C I H Remedial Investigation 

TDD No. I Sheet 

Fl-8*09-01 I 2nf 3 

Hole V 

57-3 

l . „ a l . . » i 

Unifirst Parking Lot 

Stratum Description 

REMARKS] 

sanoy m i 

S70M Top of Ottawa ftC 
Sandy Till 

S70M Top of screen ft 2" 

Sandy Til) 

Sandy Till 

Sandy Till 

Sandy Till 

Be*ock at 62* 

S70M Bottom of screen 62" 

Highly fractured felds-

pathic granite 

S70D Top of Ottawa SAND b'. 

S70D Top of screen 47" 



4 
r^NUS 
I LJ COF^PORATON 
^ J A Haiutxirtor Company 

Pi«,e.: 

Wells C lit H Remedial Investigation 

Lj'".ulU.l 

TDD No. 

Fl-8ft09-31 

Sheet 

3 of 3 

Hole Nc 

575 

•Jmfirst Parking Lot 

All wells sealed wittntemem/bentoniie slurry from top of sand to CS. 



• 

F-Tine 
M-Medium 
C-Coarse • 
F.'M-Fine to M'eJi.nn 
F.'a-Fint to Coot .c 
V-Very-
CR-Cray 
BN-Brown 
YEL-Vel io* 

I.) S71S sealed in overburden with cement/bentonite slurry from f to GS 
2.) S71D sealed in bedrock with cement/bentonite slurry from 22.7 to GS 



• 

-NUS 
I L-JCCWPOPATON 
O A Hallitxjnor Company 

t e l l s G it H Remedial Investigation 

TOO No. I Sheet 

FI-8ftQ9-01 | 2 ot 2 

Hole Nr 

571 

Location 

Unifirst (front gate) Parking Lot 



Project [}j______U___l 

__C± 
. __ asr 

Date Started M / ^ / g i ^ 
Tota l Depth O O . D l o c a t i o n 
Casing » n A ^ f t t t S ^ V f t x / T t r i 
Remarks • 

.Site V ^ P " Q ^ . 

.Completed W / A / W l -
B 0 R 1 N v^aaati___M_ sh i of 

Ground Elevation 
.Logged hY XT . U \—A>v^s^A 

Contractor ^ ' J T L > - ) ^ t l t T ^ ^ . ^ . 

Ui u. 

Sample 

a e 
> 3 
•- 2 

« 

11= 
Q c -

a 
2 
O 

Sample Description 

0 , 3 L - 1 .2 . L - ' ^Vv t VorowkjA -XA.<\ 

3 A K J O $ & £ A \ t e L . , \ . y * A c "" 

rc^uio^* roller b i t o^^ 
a^s/du\tc 4»<\. ccL'bvflA'to 
(tf»0 J at tempt ^OAipU at" 
5"» O j r\ o p<xuX ccX•••' OA 

(fi.O - •? ,£ LvgVvt - VorouJA-ta<\ 
SXLT t[ SAMO,t ra cut 

-J>?OOA *e^*oA ** 7 '2 
C b \ U r b * t t o io.O a t 

ai-t\v^Uvd.^y (oinVc-ara^ ^ 
r ^ v\\on^o^ bice**** itccbf 

i6.o "Top ^ s © ^ ;%k*k_ 

16.0 — IV*Q £\na.s- a«\^ (JVAV. 

^io<*tL 

Equipment 
Installed 

5 6 i 
C O to 

0.6 

<6Z 

h3 

H 

• B 

-»o 

u 

»2. |»0X 

i 

4 
I S " 

V 

^ Q O 

l d % 

7-1 0.7 

10. o 

to 4S 

\S".o 
t o 

I 

ptUt ts 
3 -O ' t o 

topo$ 

pack. 

9.9' 
O . O I " 
S l o t 

* : * 



Project 0 » J X ^ X O . V r Site VJofcofciO BORINGUC4 su Zof z. 

_. e n u . 

Sample 
C0 « 

il l !S c 
e _ •s a , 2- c 

O o c 

« 
cc 

•go Sample Description 

J6»*t ^ ^ * 4 SNvejUU-̂  

\ fe. O - to V °). O <3wV>b*o 6 i o r t c 

C o a t ^ w i t V \ CA^Cvtc 

F t 0 , N \ « \ O 

Equipment 
Installed 

-2o 

M X 

^ Q O 

80% 

\fc.o 
to 

20.0 
z.4 

KlotfeV. 

5 icv T D WC-*"»tW O'fitwj 

tW^AjOC*) j O » * ^ i 

2./ I^oui couKt* r w t <rccvhc&, 

Vb. W A O V ^ U V U A A arctiXc*' 
-tW»> B O i n . o r u j \ t w j . 
I O O Wo. \t\«.<*rw. 

^O -

Spiit-

<V 

^ C P 2 

VP 

ff̂ fP) 
31741 

ENVIRONMENTAL RESEARCH & TECHNOLOGY INC 

file:///fc.o


lies-
Project i V v r P i P y f fiitA W W & L V P K J 

Date CtortAri \ \ M / P > { * r n m p l a t B r i \ . M / P J n 

Tn ta ' Hapth | <̂  .Ea ^ - t : Locat ion ; 

Casing i n ^ k l HSA M i i \ / 7 i i r \ Contractor & m W 

Remarks ; '. ; 

B O R I N G j i £ ^ _ _ s h i o f ^ . 
Ground Elevation 

otjged bv-

Wsrsg C n . 
__________________ 

iu u. 

Sample 

1 - S 
a. e 
> 3 
•- Z J« 

£ 2. 
2" c 

OOC-

u 
« 
K 

a, -_ 
a 

Sample Description Equipment 
Installed 

$**?_-roa-AVKiX. 

I - 1 

2. 

- 3 

-4 

- S 

- u 

- * 

- 8 

»o 

- u 

- \ 1 

-K 

SSi 
o.o 
to 
2-0 

..£ 

5S2. 
2 . 0 tro 
3-0 v.o 

Mx 
1 

S-0 
t o 

u.O 
2.0 

o% 
u.o 
-to 

iH-0 

2.1 

O.O - O 2 *v?>»tLjrvxî voo-k 
(Uyr^cttJ~?Me,**.ty**C 

0 . 2 - 2 . f e "Tk<s S A U O 4 

CA^ASMPU -txT».c4, -Si l t C^W) 
Hv>0 ~5"0 »<NJar V ^ - a ^ ^ . 
^ V 0 0 \ ( \ opcv> teoriftA 

a . f e - 3 . o ^ i A U - t ) U N 
puWuVfec^ cock. 

3.0 o o ^ e r r*$u*4-ro l lo
u t t o <). o J bo ol £ ts<,• 

W A * b tOTAS £r&.v». g i -a^ 

^ . 0 T o p 0 J « b o o ^ fOcJk 

^ • ^ A S * * / Coa<^>c a/TXtOt^ 
^ (TWi^iO^t i , ' V e r t i c a l 

dost 'Sfoxu.h jo\At»: 
jpl*C fcuv \\^V\t^ 
ioeatV\*<-«<) . T c O ^ « i O ' 4 
axlcvU.coA.tcJ* | \ . 0 - v i 4 
s l t d a * ' * ! ^ 

htftoixtXS. 

3.&to 

topoC 

•pack 
5.0' 

o .o i 
Slot 
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eS • 
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Sample Description Equipment 
Installed 

•18 

• i t ) 

-20 

4 

\7 .S 
t o 1.6 

HKlo **0 \<\ opcv\ a ^ A a 

"Bottom o^*bo^<^A 19'5" 

IA VAJCIV constructed oC- ̂ chc 
£»cv. "XOTN/C u.»tSr* 0 - r 
tS£&A&b tWcc^«^ ^oiAts 

2.)"^Vo«j £Ouv\t!S cwt Ccco 
*5^llt S>(>OOA uja-b &!̂  v/av. 
Uiitw a l4o \b , W«*«*_t^ 
g r t & W t b a w 30 ft. or 

^ 3oo lb , V N A * * * ^ 

old40 

^cAUvtA 
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Date StartAd V \ / S 7 a < r > P.nmplAtAd W J \ * / * < ~ 

BORING. 
Ground Elevation. 

S h i of 

Location. Total DAPth 5 " f l . P j U - . 

Casing I.D. ?i¥*\ i t & f t A i ^ / f l i n 
Remarks. 

Lodged by ^ V ' 
Contractor C~u U I O I - V A U A . ! C, 

\ - * x . y * > i \ 

.a O 
UJ u. 

a 2 

Sample 

S.E 
> 3 

•- z 

Hi 2* c 

Off . 

o 
o 

2 ° 
Sample Description Equipment 

Installed 

i 

1 

A 

<P 

? 

6 

} 

- t o 

- » i 

SSI 

*6Z 

W 

S6S" 

t o 

Z.o 
t o 

A-O 

4 : 0 

14.0 
to 
I U.O 

I.** 

l.O 

i .o 

f 

o. °l 

O.O - ' 6 . 2 TbPsoxu 
(3 . 2 - M TCLA c_o&rvc 5AKJO 4 

£\OAO<LU t ^ a t x - » i l t 
\ . l - 2.0"T<U«\ 5 - i ' vc 'SAMO t^cw^c 

"Sv' l t \ lAMo A O < C ^ O « \ ^ i f \ \ c r 

2. Q - 4-ST "Tao> coa^sc t o Jv<\c 
£AuO 4&0Av;«lL t^ccA. 
* \ l t 'pcVc^c ^Voa* <>V\oc: 

U^io (NO rt^p&roc vfNJo.r 
or QQO* boo«XA 

4 '5 " " S"«0 SvOBû  cco-nc Vo £;*<_., 

t>^oO 4 &«AvfcL UHVc 

0(TCv\ burlne^ 

S . ^ " 2».*S" " T ^ A a*]ti ofe^y GBtt/SC 
•to $-»*<- SftNJO 4 ^CiAv^U 

rfc^poA^c va j a r 

l 4 .0 — IU?.0 G * r c f o - T o * cocu-»c 
tro £*><, SA»oO^ 6vC/\v/ttc 
Iv t t tc fc l l t CTil l^HKJo NO 

~ S 0 i « \ j a r 

2 ; A ? & 

0-fc»*A 
*C»U^ 

_iA/r»f / i r ; v n^r 
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* S. 
2 e 

-2 • o oc 
« 

QC 

2 © 
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o 

Sample Description Equipment 
Installed 

ha 

- l o 

2\ 

-2L 

24 

-25 

2U 

27 

2% 

-3o 

31 

31 

3J 

•34 

- 5 5 

-3fc 

-37 

-38 

5 5 ^ 

SS7 

Psi 

SS6 

«*9 
IV 

l % 0 -
20.0 

0-% 

24* O-
2 4 . 5 o.4 

2 * 5 -
3o.o 

34.5 

0.S 

6.2 

v^.O- 2 0 . 0 (ara.y toflcrtc to 

lit t le - K i t CT<vO ; HOg 

lr\ j a r 

2 0 . 0 5/>oor\ Vc£w*«4 

2 4 . Q - 2 4 . 3 Caruy ^(N4.-!>A»sJO 

•SOoftC A O M J A bnu-c , ^ y l t 

CTiiO 
24-5 3po<*> re^o^al 3oolb . 

ba*v\m«y 

29.0-2% 4 boui^r*-

^ioc SAtOO a<rtb ^XuT fcf&4c 
£awc l CTiU) j HOo -vS--vo 

30.0 «fooA r c £ o * A ; ^oolb 

ptfctolc block, tb^A 

34.^ *$>OCA f e^wA j 3oo lb 

3 ^ , 0 - 3 ^ / ? & r ^ cocav-to 

# ' 

Qe4(Nut 

ptucn 

t0(>o$ 

feuk. 
1 1 

p.o i v 

slot 
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OC 

2 o 
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O 

Sample Description Equipment 
Installed 

4o 

41 

43 

44 

45 

^8 

49 

5 0 

S*V2 

<5' 

ha"2| 

53 

S< 

5t> 

-51. 

-5& 

- ^ 

•w 

. * ' 

MX 

44 .0 -
0.5 

49.0 -
*?.5 0.2 

2d% 

CrA 

STc.O 
-to 

recur i)tb ."5(>l t*"o<^ v x ^ 

3opiU J ^ W ^ -

i-4 

39.7 -^4.0 *«W*cr* 

44.0-44 .5" £«-*y c o a ^ c i o 

Vva.iVitvur 

4 ^ . 5 -s^cx^> r ^ s ^ i * ^ ; ^00 IVs 

*4.0 - 5 4.5" c^oxs/ CLA>/4 

^ T i T t f a t c crzwel 
UMo -report** "v2ST 

54.5 iqioĵ s r*^s«wV, "ioolVj 

K * ~ < w ; T o ( . o.f£ock 
54*.5* 5U.O >̂tvvoo"tVv roWtr 

5G.O-Sg>.0 "?in*c co^rs* 
ô Cs*A«o ^re^AoVxcx'vtft 

t if »f 
43 .o ' 

CcrAfc\t 

45.0'-
58.o' 
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Project No.- -Date - Slart 
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Project Name_. 

I oration l ^ > " S . r ~ . f e > ^ A 
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Total Depth. 

Remarks 

_l____P_ aspector_ P 

.Drilling Method C?" C ^ t e O ^ ' r i ^ > ~ ^ / 

.Reviewer. " 3 P 

Depth 
Feet Type* 

No. 

Sample 

Blows per 
6 In. 

Depth 
Range Rec. 

PID 
readings 

Uthologic 
Description 

Water 
Table 

10 

15 

20 

25 

30 

35 

c'-P, 

l b - I t 

(7.5-IJ' 

\ * 
V - r^ ^>Qo7>( t > ^« . V. ( (-

<v_c i««vi)/£»«>*«. ^ r -oc-^ "*• ^ " * ^ - r < ~ t \ 3 

£ - — ^*~~S>, bx 
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Project i V v r r T h y r Site V * ^ O f t - > f t . J BORING Sh1 of_3_ 

Logged K Y «J>.' I . L r t . _• s^vrs. 
Date StartAH | l / A 7 / f l k Completed W . / L ^ / A U ftmund Elevation. 
Total Depth 14 fl . Q Location Lodged by -w)...T 
Casing i n 3 % XO H S A A U A / 3 I C \ Contractor ^ - u lX v > A V ^ C * 

Remarks ; ; ; 

11 
UJ u. o»-

Sample 

\ \ i 
Qcc 

a 
S 

* 
Sample Description 

£ £ t 6ia.A\£UA^ n^<XAVu,V<_, 
lr\^rtA-ll«A;<*»'v\ "O.i aV><sx, 

^ 0 ) O A ^ , b a ^ . 2 2 b«iou> <ytK^ 

^euvvpUs ^ i , O A ^ S 2 cu'c 

»rs\tc».llA.tiOA o £ rv\a<\V\<A_c. 

C O - 6 . 4 ^ l t o A % » ( \ W J * CoAC/fctfc 

' P ^ t A O ^ t J 0 .4 4KX» I - ^ U A * C 

i r v , yu h £ o i ^ & £ c ^ ? O 0 

C 4 - 2 . 2 V c U o w - W % COCSU, 

t o JfiAc * 5 A K J O ^ GGAv/fcc 

tca.cc ^ v l t t*fcxc b r twA 

- s a ^ - s l l t 4 d a y 

O^glOfAA^&t * t * \ * ^4*'«vxO>*. 

(3\MJIA\^»O»-V , ^ U A U U W ^Va\t\c 

OrlVVy • 2.2. H»Ow> rvye*M-

injcfcv W«4ii)*)fau, * -4oo . 

i n oqey\ c<cAJA&voft f\o f tspiH 

2PL" (oA "TaA "^(tty coa^cto 
:5v\c -SANJOA 6aA\j*u 

» 0 . O - a . O T a . A tv\eAiu*v ^ j ^<sc 

•»Ou reve* tc i ^ ^ f j " * ^ 
IS" -0- JU-p &>ray -b rou>r \ 

Equipment 
installed 

Z 

3 

h5 

U 

7 

8 

*) 

Mo 

U 

»7 

t>i 

S Z 

*Si 

**2 

-5*3 

ss4 

5 6 5 

o4 

-2£. 
2.5 
tt 

H-3 
1.8 

4 3 
to 

5.8 
1.1 

U - o - o.4 

\o.o 
-to M 

- - l o 
o 

v ^ - o -
M*. O 0.7 

:>JV!OCNMEMT*L o e s E . R C ^ i TECMNO(.OGV iNC 

http://tca.cc
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o 
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Sample Description Equipment 
Installed 

»5 

i-2o 

2| 

{-22 

1 

-23 

-34 

-251 

26 

-27 

"2g 

2} 

- 2 o 

-31 

'-It 

~33 

-M 

3<* 

37 

-38 

-S9 

1 

2 

HqO 

50% 

*?.5 

to 

22.0 

4-0 

(*2% 

22o 

-to 

27.0 

4.<5 

Ac^, 26-0 \.o 

Ig.o 

^ro.̂ A\cvs,Vi »A - i V t o ^ w c t 
H»0o r«5ftwT&c lAJor ^^ -2 . 

\ t?-0"T^po r - 'i^oclc 

^ i r \ CA*sf\* "SfoA t o l?>5 

VU.O - ^ . -T T W c ^ S ^ y 
£ocws<, AtcuAc^ oraAe— 

1^.5* - 2o.O vjtfl.t\rkt^*i 3c*v* 

•sls^Wt CVVAAA<̂  ?A wucs^ 
C6W, @ v^.r o ^ F ^ 

t<K-C 6 *v4 

2 2 . 0 - 2 8 , 0 N\u«_^ pc-At^o*, 

fljAbbro>vc^(!U' 

22*2.- 23.2, j o ^ t vo° f n * * u»r< 

Z 4 . 0 wJeatWt^\os'vt U ^ i U ^ 

f*<*s£< *5 wWy, F C 6 ^ (^J^ 

2 9 4 JOirsV* 51>0^rz»*v ^ A k ( 

2 6 . 0 - 3 S . O - f ^ t - W e i 

OUAVt vei'Nj'iwb-29.5-30.?. 

AA^ 5abV><-c^oKUj(joUte 
NO - SU* ^ R I A A C<K-C a m v 

?WA*r u, WflLVy^o A c_alati, 
coated 
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• " Z 

Hi 

35% 

* • 
2 c 

Qoe 

o 

CC 

I? 
h i ' 

O 

Simple Description Equipment 
Installed 

4 o 

-A\ 

-AL 

A\ 

-M 

As 

Ah 

M? 

-50 

•51 

-51 

•S3 

55 
-Olo 

-571 

•58 

7 

»oo 

e 

»^9 

38. o 
t o 

4v.o 

(e&% 

4 1 0 

±0 

4^0 

ec^ 
4(«.0 

- t o 

48.0 

^670 

46. c> 

to 

53 ,0 

6"8% 

y o 
M 

S*.o 

Sfo 

2<) 

€-0 

ZJO 

s o 

5.0 

S&O 

5 ^ 

4 & . o - 85".(© ^ * A L C . ^ 

£;*<.-c^al/vtti o^V?\oro^CorC\i 

(*AA*/ C a l c i t i , coat<^ 

5 2 . 2 -*52.8 CAiatt £vui 
^o i f t t | iO°-^o>^ t-o<x, a * * i 

S i . O - $ ? . 0 l<sUrt*tt\iu 
jCint U S * , - i « ° A A ^ ? ^ f ^ 

OycCLx i s ; v > r r v c j o ^ t i 

< S A ^ A * ^ t *.> t_*XJXi, 

ENVIRONMENTAL RESEARCH I TECHNOLOGY INC 



Project OfO :=. . . OVT Site \ t J o & j C i A BORING oc? sn4 of y 

Sample Description Equipment 
Installed 

b?-8 ' ^ t e r ^ ^ j t i A i \osVt ^><ti 

4 o 0 ^ « > t o cc*-conu« 

•p\a<\ar } ceAat* ceeXci 

4fc .O - e.5". (o'Darlt ^ra^ 

JjCAAVi vo*-5rf» t o Carea jU* 

f^Aar,.tfilcit* cc<xteO 

73.0- 83-D iM.t /v*W 

82 .0 - 83-0 joUt cf to 
d o r t . O.J4..5 
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u 

OC 

u 

I? 
o 
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Sample Description Equipment 
Installed 

•SS IK^ 

-6b 

•S7 

-86 

8? 

% 

-9i 

-92 

93 

& 

:9? 
:98 

"99 

-100 

102. 

lo 

*̂ Qv> 

3ft 

S*o 

te 

82.D 

S O 

\7 
5Wb 

88.0 

t& 

%o 

S O 

|0CJ> 

16 
(ett 

^3.0 

•bo 
4-9 

85". k - 9 0 - 8 "Pî Vt *vx*<W-

\O°-9o"fv*C-0r<. «xi5 

C^lcit t CecJt^J, <*AAy 

90.8- 133.6 TMc$n*y 

IS* '^o* i** c&c ot*;>; 

<pl&A4^ ou-6,%'\,<y*y*Sy <-oavy; 

Calcitc c«at<^ 

^ . O - ^ S - O j o w t s i ^ - e o 0 ^ 
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UO 

UL 

UC 

Sample 

il 

2o 

10$ 

22 

Jfe c • J : 4? a , 

IOD70 

88% 
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2- e 

Qec 
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to 

lOif.O 

108,0 

tt> 

U3.0 

H3.0 

to 

o 
c 

S".0 

S.O 

BQRI NG" OC? T h I of ? 

Sample Description 

\ 0 3 . 0 - lOg.O ~ S % p»rvk ^dh^K^ 

»»7'^ » f \ t t r ^ t in t joC^ti 

30* f 4tf* ̂ n^M. c u t COH* 

1 0 6 ' 0 - 1 0 9 . 2 ~ J \ o % (I'IANC 

JOSAXS ; 52>° J*&~ Cote 

Ow>vi5 

H4.3-W4.4 ^CflxW^ EWAC, 

^ 0 ° ^ftVSA C o / * . <1*C* ; 

to.fc- j33.Or"0cuAc ^ < Y 

loca^y a,Atdi<\* 5^-io°j 

-^TLM^ CO/<_ OLX^S p V < x « w 

<-o«t«^ 

U £ . o - 123.0 JO»AVS pVa*\A' io 

roo5V\/ C a \ a U coa ted , 

F t O «tZiir\\|VA 

%<\\t£ \Jur \ t fAlv<^y psy f r t l 

Equipment 
Installed 
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Sample Description Equipment 
Installed 

•126 

-129 

- i3o 

-vei 

-132 

-133 

•»*l 

•\35 

13? 

-i3g 

\?>9 

-v4o 

-»4l 

l4L 

•145 

-144 

-1451 

•|4(, 

•»fr 

-143 

froo 

t^9 

25" 
Wk 

.26.0 

t o 
S-1 

133-0 

86% 

»3*.0 

to 49 

J S t Q 

27 
2>2,1> 

136-0 

to 
5-.I 

143.0 
143 o 

I 26 .o - v^3 .0 »AC/^A.VA3 
qp\AVc J^AX^VS^/' c&*%tc^t 

13J .8 I o*»t <brilV woWy reyuo 
V\o\ J. $*»*_> ^ * H - o 

l3V-7-\^2.C) f a t V ^ . b w t , 
CaloitiO*N& FeOcoo.tk>oi 

133.C-140.1 Mix/A 2AA-
ar^u '̂»At-Aftu<vt945ft̂ b<'o-
^vOAtt o.<v& 0i<^ *vuiiu*v 

4cf tu ^o*.£w* cor* <l»i5 

1 3 3 . 0 - H 8 . 0 A O £r4u 
LOottv- r e t s*y\ 

» 3 ? . r ~ ( 3 8 ' 0 ^JreuCtM/6 fc«*\c 

H o . 3 - i48 ,o X>dH< 3 ^ y -

C^CAM. <vcttjj<xU. o$ tx<jV\tj 

jOsA-fe v ^o 0 - ^ t o 

*Z4 
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Project Lk£ t=i Site V O i n u' r __ ^BORINGj^^fca__shiof 
Date S tarled-JiZZi, d2___ Completed \ l j \ / 9 ^ s ; Ground Elevation 
Total Depth I T ? - Q Location Logged by-aJu l_ ft . ^Sf }T. 
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Remarks. 
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UJ u. 

Sample 

1* 
aE 5 & : 
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u 
OC 
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Sample Description Equipment 
Installed 
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3 . ^ JB rAo^VvoU I A I V M U ^ 

ll 

-2. 

> 

-7 
SSI ^1-2. 

6.0 
us 
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• \ \ 

^ 3 

A 

~7-8 

^ . 0 -

11.0' 
».B 

Guy .r t o 9 *0 

C^-ay C<* - r i *v t S A U O ^ <><*UU t r * V t "Cl1 

"Too « > A O - f . -SAuo V I . e ( 

\ ... 
1 

U . O -

r*.o l.*» 
"S(>»A W*i £»v«^ t o »J.o' 

i ^ A ^ f t v a W f c 

^ . Vu) v ISO ,-•• 

*i /v\ J r,flj<. 
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•Kto 
U 
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1 
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h» 
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2. 

$ Vip 
JSk 

> . I • • < 

* 

^ " 

; J 

-i .. Mo 

3 

4 

qui 

t f . o -
a? 

o 

I? 

22Ju> 

2 2 ^ 
t o 

27.0 
t o 

3i-*H 

3 W 
38.o 

t o 

v9 

4*> 

SA 

HA 

so 

^ V l U I '•<! i j s^J*? A - ^ ^.- <i« ' ^ 

Sample Decept ion Equipment 
Installed 

P^T 

v^^^ Hv*j to »s.r tvt^to \u|,o 

"Top •-} T2»tW «U.*> — 

rc\W Wt t u l^.0 

" ^ / V ^ y t *©f* »**/* ,<VAiAt AAV*. *< -S.I..V J 

2 0 / S - i * . * ; j t S 2 o ^ ' ' b , < , * , 4 < 

Sa^Nt a-s a W c I t * «o°" l c^ b . AAivl 

^ H O A t - S 3o.3-30.4 3\ .5-

ftr»Ao^vov'Xc 

««.<• 

K 
?.*AW. CfV^ f i . ' t e . o , ^ ^ 3' • ' ( . . ( , via 

f.xf, . 
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Oe 
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FT 

6ô > 

K5T 
"9 
9 Vs% 

Uo 4 ^ 

* L kd 
tl t% 

-?o va i l ^ 

kc 

heo 

09 

to 

i(i% 

Brffc 

4e.o 
to 

SVo 
to 

58a 

fc?o 
tv 

to 

k.D 

bo 

?5 . 0 

no. 
-bo 

7*0 

?fco 

cc II 
O 

s<i 

b-0 

£•.«> 

b»o 

S.O 

i i u . v t . .viO^PA^h o _ -f 

Sample Description Equipment 
Installed 

U \ ' 3 » -
 L P 3 - 0 -CX%K. ^»VU* 

4 t * -So*- we* i u * «_, , A „ f ^ ^ A £ 1 
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<x\xc^y î .̂-y^c^A j i • 'S 

• . S - •*'-'jj-P? .*>'*:•. ' , - • 

v-v^^ifci ....... * 
: ° . " ' - : . ^ i t ^ •':••'vr 

, . . , A V < _ ^ ; ^ P - > S > 5 P ' : ' , - . • . - . 

• •'•"•'••' 'J^7^^^.^':/'^ " . ' t i P *'••*"•;••'• 

P ' P P ' y - ^ J Jpy::_ ...;..;••• 

t - v P J • *'•'" '••'•'" 

••y^pypjfpiv. • 

^vmA: i 

lo/.c 

caei 

J5--W 

'O-.jo 

• t l 



:AZ0%m • - r i . - g y y '^•?>.p- • "•'-'aa.^-;g-?.x*a -. BORING LOG ' :",:*-?*a"-"' ."i1 ^ ^ 

-a=V;aaj« 
• Sheet V of j 4 * • • 

rw-<i-:. — • : • ' • » . •.., -.-.•;> ;. , . - . - . , iffy... . P^_X&t 

'project Name I W H ^ f U l N Q . o l - < 2 A ' f * P i f i 

i ration 1/QPMS £>*" H, U V f o rTn, - - m ^ g t / ^ 

.Finish 

. Drilling ( j J ^ S S ^ l k i 

Total Depth 
• ' p - ' p - i ^ i . • ' . • -

I n s p e c t o r ^ V V < S ^ - 5 

. DriDing Method ^ ^ H ^ A 

. Reviewer ^ • ^ ( S V ^ & n *\ 
/p) . y^rvY::- j x a •• 

Remarks i K g . e i : ^ V T V I V P ! ' c J A <J p p n ~ x ' ^ ^ i — r - P ^ P P — ~ T ~ h~K 

Depth 
Feet 

— 

I 
— b 

/Cl 

— 

— 

— "5 

— a < 5 

ft' 

Sample 

Type& 
No. 

S - l 

S - a 

*'-3 

5-5 

% - C P 

5-T 

Blows per 
6 In. 

e j . - i T i A z K 

^ -9*-?5-^ 

I/-/1-S6.-S0 

^ - 5 ? i o - 5 D 

. p 

-

Depth 
Range 

°'? 
a-V 

P L T 

V ' Q 

/5-n' 

a3-as * 

. 

». /p 

V S P 

Flee. 

l o " 

' V 

I C " 

4 " 

-

Graphic 
Log-

3 . 0 
' " . ' • • • 

°-& 

P.5 

C ? 

e> <o 

^ 

- v 

4 -

**_. 

Uthologic Description 

5«.—•« 

s = . v v ^ - ^ ; ( i - — . 

o ' S ^ * ^ ^ ^ o r i , - f e w s < y t v * ( ^ ^ £ , y , i j , i U » t l 

_ . . _ • • . _ _ ' r . - > • • — - - -

i>TSW\-cj.-a.v/ ?-v~ SAW5) , $ « - ^ t- ^ e — J * j cavw 1 tA^Ti" 

«s,rvo«aA. -Vv>-^«- i ^ a - J ^ * ^ ^ ^ ^2-^r 

. , «5^Cb ^ & r ' ^ • » 1 

J. -
~ • •> — r x 

. 1 ' X ' ' 

Equipment 
Installed 

— 

— 

' i - i r — 

3L -

— 

— 

•\ ~~~~ 

•A ~ 

V — 

•'--• » £ ^ - * : . * . . 

.... .••;'x%? :^~ 

2 - M 

1 - IO 

W*a-
• ^?S ' . 



• ' • * • * . ' ' • • t-r».":« 

y y y ^ y - BORIN^KK* 
- - - • - , . ^ . : : ; • ; . ; y - ' S i - ' " - ' " • * " • " - ' • 

KSWi-V M 

'•P^jyMt 
•—•••" / \ c rsi - -• :'ypmP^&^PmpvyAm<Pm 

Project No. O ^ • C? ' •: - - - a - ^ i D a t e . S t a | t U / ? » f ^ 

Project Name ( V i W * c f / P c i Y : Q j P \ £ A " ^ '"'• "'• ; ' " : ' ^ 

I , T , . < - , A „ -.i •••-••; • A- yyp^W^g^jmmyA.uc A 
LocationUnW'Sr >fU> PrtaQaof/ --- — nrimnqW^ H h :: H S A 

SheeT^ HbrM 

_ ^ ^ ^ ^ ^ I l o r i n g l iCS^Il^f 
.-• __- •-*'£•$**¥.-*_, ____«• ari__:^.- -~>r•-.•*y j~x:ix,J 

total Depth Inspector J : -" ° . Rntfi^wor <S"*r*Pt \<Si>1 $ 

Remarks fro b * c b r T S v ~ J A - C g ^ i . ^ y . V r v n O U M M^49^Sfe£; 

M < ^ ^ W c-tSV-e 
•:•*• .- .•.:••,'.'-•;• a-. . . . - .aa- . ; •;• v . * : ^ S s , ^ - - i % i K , , ' i - . i ! a . 

uig.fc A hyrV^y j rA- 'HP^pp<^Pp^Py : p : : 

Depth 
Feet 

Sample 

Type& 
No. 

Blows per 
6 In. 

Depth 
Range Rec. 

Gsapfa t c 
•A?? Lithologic Description 

Equipment 
Installed fcs. 

( O 

— '5 

• S o 

S - ( 

5T- S 

sr-v 
S-5 . 

£ w o l 

23-*i-ii '-a-i 

3^-12,-""' 

U-8' 

(o.s 

I S " 

(•V 

l i p " 

1 0 " 

3 . a " 

3 " p<xy-«*^e^-t:..p;xa^:-xa.•'•y.-g.-y----.--

• t ^ K o i » ; ^ ^ y ; - • y y y . y '•••".-••• 

o. o. 

* - i co^Us •̂ 5,:ii .••.;.â ";ii ' :̂  . ; ' 
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Diffusion control on PCE removal during SVE 



Calculation of the Effect of Diffusion Control on the Performance of Soil 
Vapor Extraction (SVE) 

The effect of diffusion-controlled mass transfer on the performance of SVE 

was calculated using a simple diffusive transport model. The general 

configuration and conditions for the diffusion model are shown in Figure 1. 

The model is based on a one-dimensional analytical solution described by 

Crank (1975) p. 47. The model reflects the condition where there is diffusive 

transport of PCE out of a low permeable layer into surrounding zones in 

which air flow occurs. It was assumed that the low permeability layer has a 

high water content and PCE migration is controlled by aqueous-phase 

diffusion. This would be the case for the zones of highest moisture content 

found in the unconsolidated deposits at the UniFirst Property. 

General parameters for PCE used in the calculations are: 

Henry's Constant 

Organic carbon partition coefficient 

Free-solution diffusion coefficient 

0.294 

364 

6 x IO-6 cm2/s

Site-Specific parameters used in the calculations are: 

Total porosity 

Water saturation 

Dry bulk density 

Initial PCE concentration 

40% 

100%

1.62 g/cm

60 mg/kg 

REDACTED

REDACTED



The effective diffusion coefficient for the soil is much lower than the value in 

free solution of water. The effective diffusion coefficient (De) of PCE in soil 

water is related to the "free-solution diffusion coefficient" (D) by: 

De = D t* 

where t* is the tortuosity. The tortuosity is a factor which accounts for the fact 

that diffusion can only occur through the water-filled pore spaces in the soil. 

Consequently, the effective diffusion coefficient is lower than the free-

solution diffusion coefficient and is typically described empirically by: 

6w2-33 

t* = 
et2 

For an water-filled porosity (9W) of 0.4 and a total porosity (9t) of 0.4, the 

effective tortuosity would be 0.73 and the resultant effective diffusion 

coefficient for TCE would be 4 x IO"6 cm2/s. 

The model calculates the change in relative concentration in the soil water 

with time as a result of aqueous-phase PCE diffusion out of the low 

permeability layer. It is assumed that the soil water is in equilibrium with the 

soil solids at all locations in the layer. Consequently, the shape of the profile 

of soil water concentrations through the layer will reflect the profile total soil 

concentrations. The soil concentrations and soil water concentrations were 

related to each other using the partitioning relationships described in 

Feenstra et al. (1991). 

Calculations were performed for a layer about 1 ft. (30 cm) in thickness and for 

a layer about 2 ft. (60 cm) in thickness. The soil concentrations profiles for 



these layers at three different times during SVE are shown in Figures 2 and 3 

respectively. 

Figure 2 illustrates that about 7 years are required to reduce the soil 

concentrations in the 1 ft. thick layer from 60 mg/kg down to low levels. 

Figure 3 illustrates that about 20 years are required to reduce the soil 

concentrations in the 2 ft. thick layer from 60 mg/kg down to low levels. For 

a case with higher initial concentrations, cleanup times would be even 

longer. 

These simplified calculations indicate that the cleanup of high water content 

low pemeability zones of several feet in size such as found in the 

unconsolidated deposits at the UniFirst Property would require many years of 

SVE operation to remove PCE down to low concentration levels. 

References 
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residual NAPL based on organic chemical concentrations in soil samples. 
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Figure 1. General configuration and conditions for diffusion model. 
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Figure 2. Model calculations for removal of PCE from a high water content layer about 1 ft. in thickness. 
Initial PCE concentration 60 mg/kg. 
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Figure 3. Model calculations for removal of PCE from a high water content layer about 2 ft. thick. 
Initial PCE concentration 60 mg/kg. 
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Calculation of Air Permeability 

Air permeability was calculated for samples of the unconsolidated deposits 

based on the measured hydraulic conductivity and water saturation using the 

relationship of Brooks-Corey (1961). This method is described by DiGuilio 

(1992) with regard to the evaluation of soil vapor extraction (SVE). 

The Brooks-Corey equation for the relative permeability of a non-wetting 

fluid such as air in soil is given by: 

kr = (1-5J2 (1-5e
<2+A/A)) • ' - a 

where:' 

kr is the relative permeability ' 

5e is the effective saturation . . 

X is a pore size distribution parameter "• 

c 
•>e 

where 

ow 

°r 
e, 

is 

is 

is 

& - + ' & • ) 
et V 

the water -

the residual 

filled , 

water 

the total porosity 

porosity 

saturation 

A total of 13 samples were tested for dry density, water content and hydraulic 

conductivity. Dry density was used to calculate the total porosity for each 

sample. The total porosity and water content were used to calculate the 

water-filled porosity for each sample. Values for the pore distribution index 



and residual water saturation were assumed to be 2.5 and 0.06 respectively to 

be typical for a sandy granular soil. 

The effective saturation was calculated for each sample based on the total 

porosity and water-filled porosity. The relative permeability was then 

calculated using the effective saturation. 

The air permeability was calculated for each sample as the product of the 

relative permeability and the measured hydraulic conductivity. 

The results of the air permeability calculations are shown in Table 1. 
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Sample Depth 

(ft) 

Outside Building 

TPK IA 

TPK2A 
TPK3A 

TPK4A 

TPK 5A' 

TPKIOA 

TPM2A 

TPM3A 

TPM4A 
TPJ IA 

• Average 

Median 

1.8 
2.8 
3.3 
4.1 
4.8 
4.4 
4.0 
2.0 
0.8 
3.0 

Inside Building 

TPL1A 

TPL3A 

TPL 4A 

Average 

Median-

3.2 
1.4 • 

2.2 

Silt and Clay 

(%) 

14.6 

• 24.0 

34.0 . 

' 23.3 
17.0. 

16.5 

13.4 

12.6 

43.1 
27.0 

22.6 

20.2 

17.5 

24.1 

19.9 

20.5 

19.9 

Water Content 

.-. (wt.%) 

, 5.5 

" .7.3 

8.2 
8.7 

• 7.1 

7.5 
5.91 
6.37 

15.78 

8.8 ' 

8.1 • 

7.4 

5.6 
6 

.5.5 

5.7 
5.6. 

Dry Density 

(g/cm3) 

1.94 

1.76 

•1.90 

1.94 

1.86 

1.76 

1.84 
1.85 

1.86 

1.72 

1.84 

1.86 

1.74 

1.56 

: 1.59 

1.63 

1.59 

Porosity 

(%) 

28 , 

34 
29 
28 
31 
34 

• 31 

31 
31 
36 

31 
31 • 

. 35 

42 
•41 

39 
41 

Water Content 

(vol %) 

10.7 

12.8 

15.6 

16.9 

13.2 

13.2 

10.9 

11.8 

29.4 

15.1 

15 
• ,13 

9.7 
9.4 
8.7 

9.3 
9.4 

Water 

Saturation 

(%) 

39 
37 
53 
61 
43 
39 
35 
38 
96 
42 

48 
40 

28 
22 
22 

24 
22 

Hydraulic 

Conductivity, 

(cm/s) 

6.40E-05 

5.60E-04 

3.50E-05 

1.40E-05 

9.30E-05 

2.50E-04 

2.20E-04 

2.80E-04 

2.70E-03 

6.60E-06 

4.22E-04 

1.57E-04 

2.30E-03 

3.30E-03 

3.90E-03 . 

3.17E-03 

3.30E-03 

Calculated Relative 

Air Permeability 

0.469 

0.493 

0.233 

0.140 

0.386 

0.467 

0.548 

0.480 

0.000 
, 0.402 

0.362 

0.435 

0.698 

0.823 

0.845 

0.789 

0.823. , 

Calculated Air 

• Permeability 

(darcys) 

0.031 

0.286 

0.008 

0.002 

0.037 

0.121 

0.125 

0.139 

0.001 

0.003 ' 

0.075 
0.034 

1.662 

2.812 

3.410 

2.628 . 

2.812, 

Calculated Air 

Permeability 

(cm2) 

3.07E-10 

••'. 2.82E-09 

8.34E-11 

2.00E-11 
3.67E-10 

1.19E-09 

1.23E-09 -. 

1.37E-09 

5.36E-12 
2.71E-11 

7.43E-10 

3.37E-10 

1.64E-08 

2.78E-08 

3.37E-08 

2.59E-08 

2.78E-08 

Table 1. Calculation air permeability on samples of unconsolidated deposits. 
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ENSR Document No.: 1287-002-025 
ENSR Reference No.: 220-DBU-162 

ENSR Consulting 
and Engineering 

35 Nagog Park 
Aclon, Massachusetts 01720 
(508) 635-9500 
(508) 635-9180 (FAX) 

January 27, 1992 

Mr. Ken Theisen 
U.S. Environmental Protection Agency 
Region V 
230 South Dearborn Street 
Chicago, IL 60604 

Re: Gemeinhardt Site Soil Remediation 
Summary Report 

Dear Ken: < 

Enclosed is the summary report for the Gemeinhardt site soil 
remediation with soil vapor extraction. This report summarizes 
background information, site data, design and operating data, and 
shutdown justification for the system. The remediation was 
conducted under Administrative Order Docket No. V-W-85-C-003, 
signed March 7, 1985. 

This report completes the effort on this soil remediation 
project. Please call me if you have any questions. 

Very truly yours, 

<A3<*PJ & L U ^ 
David B. Urban, P.E. 
Senior Project Manager 

cc: Joseph Horowitz, P.E.•- CBS 
Christopher P. Davis, Esq. - GPH 
Robert Clemens - ENSR 
John Wingard, P.E. - EIS 
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1.0 INTRODUCTION 

Soil contaminated with tetrachloroethylene (PCE) at the Gemeinhardt facility in Elkhart, Indiana 
was remediated with a soil vapor extraction system that was in operation from September 1989 
through December 1990. At the request of EPA, this report was prepared to provide a brief 
history of the project by identifying major milestones and summarizing the major documents 
associated with the site. For sake of completeness, key documentation that had previously been 
issued has also been included in the appendices. 
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2.0 SUMMARY 

The Gemeinhardt plant, located on State Route 19 southwest of Elkhart, Indiana (Figure 2-1,), is 
a manufacturer of flutes and piccolos. The manufacturing processes generated wastewaters that 
in the past had contained low levels of the degreasing solvents tetrachloroethene (PCE), 
trichloroethene (TCE), and 1,1,1-trichloroethane (111-TCA). The wastewaters were discharged 
to five dry wells located on the site (Figure 2-2). In 1984, two of the dry wells and other 
contaminated soil were excavated arid removed, as shown in Figure 2-2, and disposed of at a 
RCRA landfill. In late 1984, Gemeinhardt ceased discharge of process wastewater to the 
remaining dry wells. 

Analyses of soil at the site indicated the presence of PCE at concentrations of up to 55 mg/kg. 
As a result of the Administrative Consent Order between the USEPA and Gemeinhardt (Ref. 1) 
and EPA's letter of April 26, 1988 (Ref. 2), a Soil Vapor Extraction (SVE) system was installed 
and operated at the site over a fifteen month period beginning in September, 1989 and ending 
in December, 1990. During that time, there were several stretches when the system was shut 
down because of cold temperatures, equipment failures and repairs, and to allow the soil to 
equilibrate prior to sampling. 

The system met two of the three shutdown criteria established for the program. The third 
criterion, to achieve a maximum 1 mg/kg PCE concentration in the soils, was judged to be 
impractical to achieve with the SVE system, based on ENSR's analysis of the data and 
conclusion that the residual PCE vapors were primarily from PCE in the groundwater. As a result, 
EPA approval was obtained to shut down and dismantle the system. 
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SOURCE: 
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3.0 SITE INVESTIGATION 

In 1984 soil samples were collected from borings at the Gemeinhardt site in the vicinity of the dry 
wells. Because of the high levels of VOC detected, contaminated soil near two of the five dry 
wells and other areas of the site (Figure 2-2) was excavated and disposed of off-site at a RCRA 
landfill. In 1985 additional soii samples were collected from borings near the remaining three dry 
wells (Ref. 3). In 1988, a third round of soil sampling was conducted to further delineate the 
extent of contamination and determine the applicability of soil vapor extraction (Ref. 4). 
Excavation of soils in this area was not feasible because of structural concerns with the existing 
building which was still in operation; The locations of the borings and previous excavation are 
shown in Figure 3-1. The results of the analyses are summarized in Table 3-1. A, soil gas survey 
(Ref. 5) was conducted on the site in 1989 to supplement the soil data. This study showed no 
significant VOC contamination to a depth of 18 inches, indicating that the contamination was all 
at greater depths. 
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TABLE 3-1 

GEMEINHARDT SOIL REMEDIATION 

SOIL ANALYSES 

PCE Concentration, ug/kg 

Boring 

B7 

Bll 

B12 

B15 

B16 

B17 

Depth, ft 

• 3-4.5 
6-7.5 
9-10.5 

3-4.5 
9-10.5 
13.5-15 

9-10.5 

3-4.5 
6-7.5 
9-10.5 

9-10.5 
12-13.5 
13.5-15 

6-7.5 
13.5-15 

10/5/88e 

14,000' 
310 
. 280 

NDe 

15 
2,900' 

55,OOO9 

Nd 
ND 
52 

630 
100 

2,300 

300 
710 

"low level"* 
7/85" 

2,700 
3,800 
5,000 

NAf 

3,800 
NA 

25,000 

22 
1,100 
NA 

NA 
NA 
NA 

NA 
NA 

"medium levelnb 

7/85' 

12,000 
4,600 
4,100 

7,900 
NA 
NA 

x 13,000 

NA 
NA 

2,300 

NA 
NA 
NA 

NA 
NA 

Notes: . . 
•"low level" = GC/MS with purge and trap. 
""medium level" « EPA methods 5030/8240; methanol extraction and GC/MS with 
purge and trap. 
'Samples collected by ENSR (formerly ERT) and analyzed by E3I using EPA 
methods 5030/8240. Concentration reported is highest value measured for a 
given sample interval, regardless of whether sample was aerated or not 
aerated. 

"Samples collected by ERT and EIS and analyzed by ERT Laboratory. 
*ND = not detected. 
'NA = not analyzed. • 
'Sample was analyzed using "medium-level" method. 
Source: Reference 4. 
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4.0 LABORATORY TESTS 

By their letter of April 26,1988 (Ref. 2), EPA approved the use of SVE to remediate the soils at 
Gemeinhardt. During the round of sampling in October 1988 (Ref. 4), simple laboratory aeration 
tests were conducted on the soil samples. The tests indicated that soil vapor extraction would 
be an appropriate remediation technique for the site. Subsequently, a more rigorous laboratory 
study was conducted by Vapex Environmental Technologies of Canton, MA to determine the 
practical extent of treatment and to develop design parameters for the full-scale unit (Ref. 6). 
Although the VOC concentration in the untreated soil sample used in this test was less than 1 
mg/kg, the results indicated that the VOC could be easily stripped within a reasonable amount 
of time, even at low concentrations. 
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5.0 SVE SYSTEM CONCEPTUAL DESIGN 

Based on an evaluation of soil data and contaminant analyses, a conceptual design for the SVE 
system was developed by ENSR. The design considered contaminant depths and concentrations, 
soil permeability, water table, and existing site surface and subsurface conditions. The 
conceptual design, as shown in Figure 5-1, included six extraction wells, nine air injection wells, 
and vapor probes as necessary to monitor the effectiveness of the vacuum on the soil volume 
being treated. Offgas treatment was not required because the anticipated emission rates were 
below levels requiring treatment in Indiana. Details of the conceptual design are in Reference 7. 
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6.0 ORIGINAL SHUTDOWN CRITERIA 

Based on the soils analyses, laboratory tests, mass transfer considerations, and experience, the 
following three criteria were developed to determine the point at which the SVE system could be 
shut down: 

Criterion No. 1: The soil vapor extraction system will be operated until VOC concentrations 
in the offgas discharged from the vacuum pump are reduced to a concentration of less than 
1 percent of the initial VOC recovery concentrations in the soil. When this reduced 
concentration is achieved, the offgas will be resampled five days later, and if the 
concentration has either remained the same or decreased, then the first criterion has been 
met, and the system will be shut down. 

Criterion No. 2: Vapor samples from the installed soil vapor monitoring probes will be 
analyzed immediately after shut-down, and again two days later to check for vapor diffusion 
and re-establishment of vapor equilibrium in the soil pore space. If the soil vapor 
concentrations remain the same or 
decrease over the two day period, then the second criterion for shut-down has been met. 

Criterion No. 3: If the second criterion has been met, two soil samples (one at 5 foot depth 
and one at 10 foot depth) will be collected from a soil boring adjacent to a soil vapor 
monitoring probe in the area of highest known VOC near former boring B12. If VOC soil 
concentrations below the soil treatment standard have been obtained then the third criterion 
has been met and the cleanup is complete.. In the Conceptual Design Report, it is stated that 
"a cleanup criterion] of 1 milligram per kilogram (ppm) was selected, based on experience 
at similar sites, for a remedial action consisting of excavation, treatment by mechanical 
aeration, and soil replacement in the same location....The ability of this technology to meet 
the previously proposed 1 ppm criterion will be confirmed upon completion of a laboratory 
column test...If the results indicate that this criterion] cannot be met, an alternate level will 
be proposed." Based on the results of the laboratory column tests, it was concluded that the 
1 ppm criterion was achievable (Ref. 8). 

These three original criteria were included in the contract as conditions for the successful 
completion of the project. 
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7.0 SVE CONTRACTOR, SYSTEM DESIGN, AND INSTALLATION 

ENSR Constructors of Houston. TX was contracted to design, install, and operate the SVE system 
on the Gemeinhardt site. System design was essentially as described in the Conceptual Design 
Report (Ref. 7). A schematic of the vacuum system is in Figure 7-1, Installation details are in 
Figure 7-2. 

The SVE system included a monitoring system that recorded time, temperature in arid out ofthe 
vacuum system, and off-gas VOC concentration (calibrated to PCE). 

The entire system was installed in August, 1989.-
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8.0 SYSTEM OPERATION 

A. Chronology 

SVE system start-up was oh September 14, 1989. Operational problems were encountered 
during the winter months. Power failures and cold weather caused automatic shutdown arid/or 
damage to some critical components of the unit. To avoid further damage, the unit was idled in 
late December, 1989, continuing through January and February, 1990. 

Based on routine measurements of soil vapors, it was determined that one of the dry wells at the 
site had high levels of PCE. Soil analysis indicated a maximum PCE concentration of 450 mg/kg. 
Therefore, in January, 1990, the dry weir was excavated, and approximately 8 cubic yards of soil 
were disposed of. : ~ , .• 

The SVE system was restarted on March 1,1990 and continued operation through May 10,1990. 
The unit was shut down at that time to evaluate shutdown criteria, as discussed below. The 
system was restarted oh June 20, 1990 and continued operating, with minor outages, while the 
justification for shutdown was being evaluated. Cold weather precluded sustained operation into 
the winter months without significant investment in weatherproofing; therefore, the unit was idled 
on December26, 1990. \ ' . ' y . 

On February 13, 1991, EPA approved shutdown of the unit (Ref. 12). The SVE system was 
removed from the site in March, 1991. " ; 

Table 8-1 provides a summary of the operating periods and milestones. Overall, the unit was in 
normal operation for 319 of the 467 days of elapsed time from start-up through final shutdown. 

B. Operating Parameters and Performance 

Operating data were recorded and provided periodically by the contractor. The data included 
hourly and daily operating parameters and measurements, plots of the data, vacuum data on the 
vapor probes, and concentration data from'the extraction wells and vapor probes. These data 
were sent to EPA periodically, with the final update in December, 1991 (Ref. 9). The air rate for 
the system was generally in the range of 260 to 280 CFM. Inlet and outlet temperature varied 
with ambient temperature; Inlet temperature ranged from 30 to 80 degrees F, while outlet 
temperature was generally about 20 degrees higher than that of the inlet. 
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Table 8-1 
Gemeinhardt Soil Remediation 
SVE Operating Log Summary 

Date 

9/14/89 

9/18/89 
through 
10/17/89 

10/19/89 

10/25/89 

11/18/89 

11/19/89 

11/27/89 

12/12/89 

12/16/89 

12/18/89 

12/26/89 

1/23/90 

3/1/90 

5/11/90 

6/20/90 

10/13/90 

10/22/90 

11/10/90 

11/21/90 

12/26/90 

2/13/91 

Days since Start 

0 

36 

42 

66 

67 

75 

90 

94 

96 

104 

131 

164 

236 

275 

393 

402 

421 

432 

466 

516 

Activity 

system startup 

periodic outages, 
all < 3 hr. 

system down 

restart 

system down 

system up 

system down 

restart 

system down 

restart 

winter shutdown 

dry well excavated 

restart 

Comment 

down total of 
-0,5 day 

down 5 days 

down 1.25 days 

down 15 days 

down 2.25 days 

down 65 days 

sampling shutdown to evaluate criteria 

restart down 39 days 

system down 

restart 

system down 

restart 

winter shutdown 

EPA approval for shutdown 

down 9 days 

down 11 days 
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At start-up (after 20 minutes of operation), off-gas VOC concentration was 422 ppm, 
corresponding to a VOC removal rate of over 2 pounds per hour. Within 24 hours, the off-gas 
concentration fell to about 100 ppm, or approximately 0.5 pounds, per hour. As the system 
continued to operate, off-gas concentration generally declined slowly. After one month of 
operation, offgas concentration was about 50 ppm. After two months, the concentration reduced 
to 30 ppm. The unit was shut down for the winter soon after. 

Following the winter shutdown and removal of the "hot spot" (the highly-contaminated dry well), 
off-gas concentrations dropped to below 10 parts per million, and asymptotically approached zero 
during the remainder of the operation. Figure 8-1 provides a plot of measured offgas 
concentrations through October 1990. 

Based on the off-gas concentrations and flow rates, the total PCE removed by the system was 
661 pounds. Appendix A provides the data used to perform these mass calculations. There were 
several extended periods during which the off-gas monitor was not working, totaling 173 days out 
of 309 days of operation, as shown on Table 8-2. Most of those days were during the final days 
of operation when the offgas concentrations were very low. PCE removal rates during these 
periods were estimated based on the measured rates before and after the monitor down times. 
By this method, removal of an additional 60 pounds of PCE was calculated, and the total amount 
of PCE removed is estimated to be approximately 720 pounds. Table 8-2 and Appendix A 
provide details of these calculations. 
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CBS-Gemeinhardt System Data 
Ratfisch Data 

-20 

1 I n r -n .»»_______»»___________. 

31 61 91 1.21 151 181 211 241 271 301 331 361 391 

Days of Operation 

Source: Reference 9. 

FIGURE 8-1 

Gemeinhardt Soil Remediation, Off-Gas VOC Concentrations 

8-4 



; Table 8-2 ; 

Gemeinhardt Soil Remediation 
SVE Operating Log Summary 

Periods of Operation without Data Collection 

Dates 

10/2/89 - 10/2/89" 

3/3/90 - 3/30/90 

4/4/90 - 4/11/90. 

4/28/90:- 5/10/90 

7/16/90 - 7/24/90 

7/25/90 - 8/10/90 

8/16/90 - 9/17/90 

9/24/90, -:10/12/90 

10/22/90 -11/9/90 , 

11/21/90-' - 12/26/90 

Elapsed Days 

. 0.05 

21 

' " ' • ' •• 7 J . 

. 1 2 •'.-'. 

• • • ; ' . 8 y 

. 1 6 ;•;•;. 

-.32 . 

18 ; 

. y y 18 •• 

" -35' -

Estimated Daily 
PCE Removal rate 
-V' lb/da v 

ii.5 ;' 

0.9; 

0.75 

' 0.9 ,p 

. 0.15 

• 0.15 . \ 

' ' ; 0.15P: : 

;o.i5:j;;;;' •• y 

: o J l 5 :;• ' • , . 

.0:15 

Estimated Total 
PCE Removal for 

Period, lb 

0.5 

24 

• ' 5 

11 

• 1 

• 2 ... 

.5 

3 • A 
3 • 

•s: 

T o t a l 1 7 3 : '---... ••••• 6 0 
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9.0 SVE SYSTEM SHUTDOWN 

The three shutdown criteria described above were used to initiate the shutdown process. On May 
10,1990, the unit was stopped because the first criterion (off-gas concentration less than 1% of 
initial off-gas concentration) had been met. Subsequent monitoring of the VOC concentration in 
the vapor probes was judged to meet the requirements of the second shutdown criterion (no 
change in the VOC concentrations in the vapor probes). Soil samples were then taken and 
analyzed to determine if the third criterion (less than 1 ppm VOC in soil) had been met. Although 
there was a significant overall decrease in VOC in the soil, some of the samples exceeded this 
criterion, with VOC -in-soil concentrations as high as 15 ppm. It was concluded that the SVE 
system was no longer effectively removing VOC from the soil, but rather was drawing VOC from 
contaminated groundwater. ENSR recommended shutdown of the unit at that time. 
Documentation of this analysis (Ref. 10) is provided in Appendix B. 

After EPA's review of this document, EPA requested further evaluation of the impact of 
contaminated groundwater on the off-gas concentrations. As a result, ENSR analyzed the data 
from the vapor probes during the remediation period and demonstrated that the groundwater was, 
in fact, diffusing into the soil and entering the SVE system. This documentation (Ref. 11) is 
provided in Appendix C. EPA agreed with the conclusions and authorized unit shutdown on 
February 13, 1991 (Ref. 12), included in Appendix D. 
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APPENDIX A 

PCE REMOVAL RATES 
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6-2&-90 
6 -27-90 
6-2H-90 
6 -29 -90 
6 - 3 0 - 9 0 
7 -01 -90 
7 -02-90 
7 -03-90 
7 -04 -90 
7 -05 -90 
7-0B-90 
7-07-90 
7-00-90 
7-09-90 
7 -10-90 
7 -11 -90 
7 -12 -90 
7 -13-90 
7 -14 -90 
7 - l ! i -90 

1U-9P 
1 7-9P 

•19-00-
19-90 

7 -20-90 
7 -21-90 
7-22-90 
7-23-90 
7-21-90 
7-2S-90 

7 
7-
7 
7 

pounds/hour 
0 . 0 1 2 9 
0 . 0 1 2 8 
0 .0127 
0 .0064 
0 .0064 
0 .0063 
0 .0063 
0 0061 
0 .0121 
0 .0120 
0 .0062 
0 .0061 
0 .0062 
0 .0121 
0 .0121 
0 .0061 
0 0061 
0 .0061 
P.0000 
0 . 0 0 0 0 
0 . 0 0 0 0 
0 . 0 0 0 0 
0 .0000 
0 .0000 
0 .0000 
0 .0000 
0 .0000 
0 .0000 
0 .0000 
0 .0124 
0 .0062 

pounds/day 
0.3084 
0 .3073 
0 . 3 0 4 1 
0 . 1 5 2 6 
0 .1542 
0 .1515 
0 .1515 
0 .1467 
0 .2913 
0 .2891 
0 .1499 
0 .1467 
0 .1483 
0 . 2 9 1 3 
0 . 2 9 0 2 
0 . 1 4 6 7 
0 .1462 
0 .1462 
0 .0000 
0 .0000 
0 .0000 
0 . 0 0 0 0 
0 . 0 0 0 0 
0 . 0 0 0 0 
0 . 0 0 0 0 
0 .0000 
0 .0000 
0 . 0 0 0 0 
0 . 0 0 0 0 
0 . 2 9 6 6 
0 .1494 
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CEM 
o 
o 
o 
o 
o 
0 
o 
o 
o 
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0 
o 
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. 0 
2 8 0 
2 8 2 
281 
282 
263 
284 

0 
0 
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0 
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ppm cor 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

0 
0 

0 
0 
0 

1 
p 
p 
0 
1 
0 
0 
o 
0 
0 
0 
0 
0 
0 
0 
0 

ppm 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
1 
0 
0 
0 
1 
0 
0 
0 
0 
0 
0 
0 
0 
o 
0 
0 

day of jiBBL 
3 1 1 
312 
313 
314 
315 
3 1 6 
317 
3 1 8 
319 
3 2 0 
321 
322 
323 
324 

3 2 5 
326 
3 2 7 
328 
3 2 9 
330 
331 
332 
333 
334 
335 
3 3 6 
337 
338 
339 
340 
341 

dais 
7 - 2 6 - 9 0 
7 - 2 7 - 9 0 
7 - 2 8 - 9 0 
7 - 2 9 - 9 0 
7 - 3 0 - 9 0 
7 - 3 1 - 9 0 
8 - 0 1 - 9 0 
6 - 0 2 - 9 0 
8 - 0 3 - 9 0 
8 - 0 4 - 9 0 
8 - 0 5 - 9 0 
8 - 0 6 - 9 0 
8 - 0 7 - 9 0 
8 - 0 8 90 
8 - 0 9 - 9 0 
8 - 1 0 - 9 0 
8 - 1 1 - 9 0 
0 - 1 2 - 9 0 
8 - 1 3 - 9 0 
8 - 1 4 - 9 0 
8 - 1 5 - 9 0 
8 - 1 6 - 9 0 
8 - 1 7 - 9 0 
8 - 1 8 - 9 0 
8 - 1 9 - 9 0 
8 - 2 0 - 9 0 
8 - 2 1 - 9 0 
8 - 2 2 - 9 0 
8 - 2 3 - 9 0 
8 - 2 4 - 9 0 
8 - 2 5 - 9 0 

pounds/hour pounds/day 
0 . 0 0 0 0 0 . 0 0 0 0 
0 .0000 
0 .0000 
0 .0000 
P.PPPO 
0 .0000 
0 .0000 
0 . 0 0 0 0 
0 .0000 
0 .0000 
0 .0000 

o.oooo 
0 .0000 
0 .0000 
0 . 0 0 0 0 
0 .0062 
0 . 0 0 0 0 

o.oooo 
O.OO0P 
0 .0063 
0 ,0000 
0 .0000 
0 .0000 
0 .0000 
0 .0000 
ooooo 
0 .0000 
0 .0000 
0 .0000 
0 .0000 
0 .0000 

0 . 0 0 0 0 
0 . 0 0 0 0 
0 .0000 
0 . 0 0 0 0 
0 . 0 0 0 0 
0 . 0 0 0 0 

o.oooo 
0.0000 

• 0 . 0 0 0 0 
0 . 0 0 0 0 
0 . 0 0 0 0 
0 . 0 0 0 0 
0 . 0 0 0 0 
0 . 0 0 0 0 
6 .1499 
0 . 0 0 0 0 
0 .0000 
0 . 0 0 0 0 
0 .1515 
0 . 0 0 0 0 
0 . 0 0 0 0 
0 . 0 0 0 0 
0 . 0 0 0 0 
0 . 0 0 0 0 
0 . 0 0 0 0 
0 . 0 0 0 0 
0 . 0 0 0 0 
0 . 0 0 0 0 
0 . 0 0 0 0 
0 .0000 
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Temp out 
0 
0 
P 
P 
0 
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0 
0 
0 
0 
6 
0 
0 
0 
0 
0 
0 
0 
0 
P 
P 

6 
P 

69 
8 8 
9P 
8 8 
86 
8 3 
P 
P 

CEM 
0 
0 
0 
0 
0 
c 
0 
(1 
0 
0 

o 
0 
0 
0 

. o 
0 
0 
0 
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.0 
0 
0 
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2 0 2 
2 9 0 
2 9 2 
29 P 
2 9 4 
2 9 3 

0 
0 

PPflLfiPI 
0 
0 
P 
P 
0 
P 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
p 
0 
1 
1 
1 
0 
0 
1 
0 
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earn 
0 
0 
0 
0 
0 
0 
0 
o 
6 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
o 
0 
0 
1 
1 
1 
0 
0 
1 
0 
0 

day of oper. 
342 
3 4 3 
3 4 5 
3 4 6 
3 4 7 
3 4 8 
349 
3 5 0 
351 
3 5 2 
3 5 3 
3 5 6 
357 
3 5 8 
359 
360 
361 
3 6 2 
3 6 3 
364 
3 6 5 
366 
367 
360 
3 6 9 
3 7 0 
371 
372 
3 7 3 
374 
3 7 5 

date 
8 -26-90 
8 -27-90 
8 -28-90 
8 -29-90 
8-30-90 
8-31-90 
9 -01-90 
9 -02-90 
9-03-90 
9-04-90 
9 -05-90 
9 -06-90 
9 -07 -90 
9 -08 -90 
9 -09-90 
9-10-90 
9 -11-90 
9-12-90 
9-13-90 
0-14-90 
9 -15 -90 
9 -16-90 
9 -17-90 
9 -18-90 
9 -19-90 
9-20-90 
9 -21-90 
9 -22-90 
9 -23-90 
9 -24-90 
9 -25-90 

ppund9/fiour pounds/day 
0.0000 0.0000 
0.0000 0.0000 
0.0000 o.oooo 
0.0000 0.0000 
0.0000 0.0000 
0.0000 0.0000 
0.0000 0.0000 
0.0000 0.0000 
0.0000 0.0000 
0.0000 0.0000 
0.0000 0.0000, 
0.0000 0.0000 
0.0000 0.0000 
0.0000 0 0000 
0.0000 0.0000 
0.0000 o.oooo 
0:0000 0.0000 
0.0000 O.OPOO 
0.0000 O.OPOO 
0 0000 0.0000 
0 0000 0.0000 
0.0000 0.0000 
0.0000 0.0000 
0.0065 0.1563 
0.0065 0.1553 
0.0065 0.1563 
0.0000 O.PPPP 
0.0000 0.0000 
0.0065 P.I 569 
0.0000 O.OPOO 
0.0000 ' 0.0000 
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day ol oper. 
37 6 
3 7 7 
3 / 8 
3V9 
3 8 0 
3111 
3 8 2 
3113 
304 
3115 
3 0 6 
3 0 7 
3P8 
31)9 
3 9 0 
3 9 1 
3 9 2 
3 9 3 
3 1 4 
3 9 5 
3 9 6 
3 9 7 
3 9 8 
399 
4 3 0 
431 
4 0 2 
403 
4 04 
4 05 
4 06 

date 
9 2 6 - 9 0 
9 -27-90 
9 2 8 - 9 0 
9 -29 -90 
9 -30-90 

10-01-90 
10 0 2 - 9 0 
10-03-90 
10-04-90 
10-05-90 
10-06-90 
10-07-00 
10-08-90 
10-09-90 
10-10-90 
10-11-90 
10-12-90 
10-13-90 
10-14-90 
10-15-90 
10-16 90 
10 17 -90 
10 -18 -90 
10-19-90 
10 -20 -90 
10-21-90 
10 -22 -90 
10-23-90 
10 -24 -90 
10 -25 -90 
10-26-90 

pounds/hour PQimda/day 
0.0000 
o.oooo 
0 .0000 
0 . 0 0 0 0 
0 . 0 0 0 0 
0 . 0 0 0 0 
0 . 0 0 0 0 
0 .0000 
0 .0000 
0 . 0 0 0 0 
0 . 0 0 0 0 
0 . 0 0 0 0 
0 . 0 0 0 0 
0 . 0 0 0 0 
0 .0000 
0 . 0 0 0 0 
0 0 0 0 0 
0 . 0 0 0 0 
0 . 0 0 0 0 
0 . 0 0 0 0 
0 . 0 0 0 0 
0 . 0 0 0 0 
0 . 0 0 0 0 
0 .0000 
0 . 0 0 0 0 
O.POOO 
O.POOO 
0 . 0 0 0 0 
0 . 0 0 0 0 
O.POOO 
0 .0000 

0 . 0 0 0 0 
0 . 0 0 0 0 
0 . 0 0 0 0 
0 . 0 0 0 0 
0 . 0 0 0 0 
0 . 0 0 0 0 
0 . 0 0 0 0 
0 . 0 0 0 0 
0 . 0 0 0 0 
0 . 0 0 0 0 
0 .0000 
0 . 0 0 0 0 
0 . 0 0 0 0 
0 . 0 0 0 0 
ooooo 
0 . 0 0 0 0 
0 . 0 0 0 0 
0 . 0 0 0 0 
0 . 0 0 0 0 
0 . 0 0 0 0 
0 . 0 0 0 0 
0 . 0 0 0 0 
0 . 0 0 0 0 
O.POOO 
0 . 0 0 0 0 
0 . 0 0 0 0 
0 . 0 0 0 0 
0 . 0 0 0 0 
0 . 0 0 0 0 
0 . 0 0 0 0 
0 . 0 0 0 0 
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day ot oper. 
407 
4 0 6 
4 0 9 
4 1 0 
4 1 1 
4 1 2 
4 1 3 
4 1 4 
4 1 5 
4 1 6 
417 
4 1 8 
4 1 9 
4 2 0 
421 
4 2 2 
423 
4 2 4 
4 2 5 
4 2 6 
427 
4 2 8 
4 2 9 
4 3 0 
4 3 1 
4 3 2 
4 3 3 
4 3 4 
435 
436 
4 3 7 

dale 
10-27-90 
10 -28 -00 
10 29 -90 
10-30-90 
10 -31 -90 
11 -01 -90 
11 -02 -90 
11-03-90 
11 -04 -90 
11 -05 -90 
11 06 -90 
1 1 - 0 7 - 9 0 
11 -08 -90 
11 -09 -90 
11-10-90 
11 -11 -90 
11 -12 -90 
11 -13 -90 
11 -14 -90 
11 -15 -90 
11 -16 -90 
11-17-90 
11 -18 -90 
11-19-90 
1 1 - 2 0 - 9 0 
11 21 -90 
11 -22 -90 
11 -23 -00 
11 -24 -90 
11 -25 -90 
11 -26 -90 

pounds/hour pounds/day 
0 . 0 0 0 0 
0 . 0 0 0 0 
0 . 0 0 0 0 
0 . 0 0 0 0 
O.POOO 
0 . 0 0 0 0 
0 . 0 0 0 0 
P 0 0 0 0 
0 . 0 0 0 0 
0 .0000 
0 .0000 
0 :0000 
o.oooo 
o.oooc 
0 OOOC 
o.oooc 
o.oooc 
o.oooc 
o.oooc 
o oooc 
o.oooc 
o.oooc 
o.oooc 
0 oooc 
o.oooc 
o.oooc 
O.OPPC 
o.oooc 
o.oooc 
o.oooc 
P.PPOC 

0 . 0 0 0 0 
0 . 0 0 0 0 
O.POOO 
0 .0000 
o.oooo 
0.0000 
0.0000 
0.0000 
0.0000 
o.oooo 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0 0000 
0.0000 
o.oooo 
0.0000 
0.0000 
0.0000 
ooooo 
0 .0000 
0 . 0 0 0 0 
0 0 0 0 0 
O.POOO 
0 .0000 
0 0 0 0 0 
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< i Temp Jn TempJMd CEM PPHLCOI ppm day of QPW. data pounda/how pounds/day 
•i 0 0 0 0 0 438 11-27-90 0 0000 0.0000 

0 0 0 0 0 439 11-28-90 0.0000 0.0000 
0 0 0 0 0 440 11-29-90 0.0000 0.0000 
0 0 0 0 0 441 11-30-90 0.0000 0.0000 
0 0 0 0 0 442 12-01-90 0.0000 0.0000 
0 0 0 0 0 443 12-02-90 0.0000 0.0000 
0 0 0 0 0 444 12-03-90 0.0000 0.0000 
0 0 0 0 0 444 12-04-90 0.0000 .0.0000 
0 0 0 0 0 445 12-05-90 OOOOO 0.0000 

B o 0 0 0 0 446 12-06-90 0.0000 0.0000 
0 0 0 0 0 447 12 07-90 OOOOO 0.0000 
0 0 0 0 0 448 12-08-90 0.0000 0.0000 
0 0 0 0 0 449 12-09-90 O.OOPP 0.0000 
0 0 0 0 0 450 12-10-90 O.OOOO 0.0000 
0 0 . 0 0 0 451 12-11-90 0.0000 0.0000 
0 0 0 0 0 452 12-12-90 0.0000 0.0000 

£ 0 0 0 0 0 453 12-13-90 0.0000 0.0000 
S 0 0 0 0 0 454 12 -14 -90 0.0000 0.0000 
J 0 0 0 0 0 455 12 -15 -90 0.0000 0.0000 
~ . 0 0 0 0 0 456 12 -16 -90 0.0000 0.0000 
$ 0 0 0 0 0 457 12-17-90 0.0000 P.OPPP 
(5 0 P 0 0 0 458 12-18-90 0.0000 0.0000 

0 0 0 0 0 459 12-19-90 0.0000 0.0000 
g O O O O O 460 12-20 90 O.PPPP 0.0000 
[I 0 0 0 0 0 461 12-21-90 0.0000 0.0000 

0 0 0 0 0 462 12 -22 -90 0.0000 0.0000 
Ki 0 0 0 0 0 463 12 -23 -90 P.OPPP P.OPPP 
fg P 0 O O P 464 12-24-90 0.0000 0.0000 
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lempjo Iemp_pul CEM PPDLCM ppm day of owr. date pounds/hour pourds/day 

0 o 0 0 0 465 12-25-90 O.OOOO 0.0000 
0 0 0 0 0 466 12-26-90 0.0000 0.0000 
0 0 0 0 0 467 12-27-90 0.0000 0.0000 
0 0 0 0 0 460 12-28-90 0.0000 0.0000 

Total Material Removed 6 ( 1 . 2 8 9 Pounde 

\ 
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ENSR F.NSK ConMiliine 
and Enpiritwrinp 

33 Napop Park 

Acton. Massachusetts 01 720 

ENSR Reference No.: 220-DBU-036 (508)635-9500 
(508)635-9180 ( l -Wi 

August 16, 1990 

Mr. Ken Theisen 
U.S. Environmental Protection Agency 
Region V 
230 South Dearborn Street 
Chicago, IL 60604 

Re: Gemeinhardt Site Soil Remediation 
Justification for SVE System Shutdown 

Dear Ken: 

The soil vapor extraction (SVE) system has been operating at the Gemeinhardt site in Elkhart, 
Indiana since September, 1989 and has removed a significant quantity of PCE from the soils in 
the area. The attached report prepared by ENSR Consulting and Engineering provides a review 
of site conditions, an analysis of the effectiveness of the remediation effort, and a justification for 
system shutdown. 

To summarize the report, two out of the three shutdown criteria have been met. The third 
criterion (1 mg/kg PCE in soil) was not met, probably because of recontamination of the soil by 
contaminated groundwater. The calculated PCE removal rate dropped from an initial rate of 16 
lb per day to the current rate of 0.3 lb/day. The current rate has been essentially constant over 
the past several weeks, leading us to believe that the system has reached its practical limits of 
effectiveness. Considering the large quantity of PCE removed (approximately 700 lb), we feel 
that effective remediation of the soil has been accomplished. Therefore, we recommend that the 
system be shut down. 

Please call me if you have any questions. 

Sincerely, 

& \ i u 6 cist-
David B. Urban, P.E. 
Senior Project Manager 



ENSR 
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'... J. Schiffgens • ENSR 
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ENSR 
Gemeinhardt Site Soil Remediation 

Justification for SVE System Shutdown 

The soil vapor extraction (SVE) system has been operating at the Gemeinhardt site in Elkhart, 
Indiana since September, 1989 for the purpose of removing PCE from the soils in the area. This 
report provides a review of site conditions, an analysis of the effectiveness of the remediation 
effort, and a justification for system shutdown. 

1. Pre-remediation Conditions 

In October 1988, soils at the Gemeinhardt site near the southeast corner of the building were 
sampled for VOCs. Figure 1 shows the locations of the samples and Table 1 provides the 
results according to the depth of the sample. PCE was the only VOC found in significant 
quantities, with concentrations ranging from < 0.007 mg/kg to 55 mg/kg. 

Figure 1 also shows the area to be remediated. Total area is approximately 2200 sq ft. Depth 
to groundwater is approximately 15 feet. The total volume to be remediated was 33,000 cu ft. 
Assuming a soil density of 96 Ib/cu ft (Baumister, 1978), the mass to be remediated was 3.2 x 
106 lb. 

The arithmetic average of the PCE concentrations before remediation shown in Table 1 is 5.8 
mg/kg. This average concentration corresponds to a total of 18 lb of PCE in the soil volume. 
(At a cleanup criterion of 1 mg/kg, 3 lb PCE would remain in the soils after remediation.) 

2. SVE System Performance and Shutdown Criteria 

The soil vapor extraction system was started on September 14, 1989 and ran through May 10, 
1990 before final soil samples were taken. During this time, there were several periods when the 
unit was not operating as a result of mechanical problems, cold weather conditions, and other 
miscellaneous concerns. The unit was in normal operation for 132 days during this period out 
of a possible 235 days. The unit was restarted on June 20, 1990 and is currently operating 
normally. 

The mass of PCE removed from the soil was calculated based on offgas VOC concentration, 
offgas flow rate, and a PCE/VOC correction factor. Total PCE removed during this period was 
calculated to be approximately 700 lb. Calculation procedures are attached. This amount does 
not include the 8 cubic yards of contaminated soil in the abandoned dry well that was removed 
in January, 1990. This contaminated soil had a PCE content of 447 ppm, amounting to a total 
of approximately 9 pounds of PCE. 

Three shutdown criteria were defined in the Conceptual Design Report (ENSR Document Number 
1287-002-008, February, 1989). The following describes these criteria and the performance of 
the system in relation to these criteria: 

Criterion No. 1: "The soil vapor extraction system will be operated until VOC 
concentrations in the offgas discharged from the vacuum pump are reduced to a 
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concentration of less than 1 percent of the initial VOC recovery concentrations in the soil. 
When this reduced concentration is achieved, the offgas will be resampled five days later, 
and if the concentration has either remained the same or decreased, then the first 
criterion has been met, and the system will be shut down.' 

Field experience: The unit offgas concentrations were less than 1% of the initial offgas 
concentrations. The initial offgas concentration on 9/14/89 was 422 ppm. The offgas 
concentrations from 4/12/90 through 4/22/90 were consistently 4 ppm and below, which 
meets the first criterion. The offgas concentrations from 4/23 through 4/27 were 4 to 7 
ppm; the reason for the slight increase may be a result of higher ambient temperatures 
which increased the soil temperature and consequently the volatility of PCE in the soil. 
The unit continued to operate until 5/10/90, but no offgas data,are available. The unit 
was shut down on 5/10 for other shutdown tests as described below. It was 
subsequently restarted on 6/20 and has been operating with offgas concentrations in the 
1 to 2 ppm range, which is well below 1% of the initial concentration of 422 ppm. 

Criterion No. 2: "Vapor samples from the installed soil vapor monitoring probes will be 
analyzed immediately after shut-down, and again two days later to check for vapor 
diffusion and re-establishment of vapor equilibrium in the soil pore space. If the soil 
vapor concentrations remain the same or 
decrease over the two day period, then the second criterion for shut-down has been 
met."- -, 

Field experience: Vapor probes and extraction wells were monitored 1.5 hours after 
shutdown on 5/10/90 and again on 5/14/90. Low VOC concentrations were measured, 
in many cases below the detection limit of the analyzer. The 5/14/90 reading showed, 
in some cases, a slight increase in VOC concentration, and in other cases, a slight 
decrease. Based on these data, it was judged that the second shutdown criterion was 
met. (Data are iri the unit operating log.) -

Prior to the 6/20 restart, it was noted that the groundwater level had risen approximately 
two feet above normal, which was above the bottom of some of the extraction wells and 
vapor probes. Vapor phase VOC concentrations in these wells were found to be at 
elevated levels, as high as 100 ppm, compared to a maximum reading of 10 ppm on 
5/14, when groundwater level was below the bottom of the wells. These high readings 
are evidence of the impact of VOCs in groundwater on the soil remediation. This 
groundwater effect is discussed later in this report. 

On 8/10/90, the SVE unit was operating normally with an offgas PCE concentration of 
2 ppm. A test was conducted during which each of the six extraction wells was shut off 
while the other five operated normally. The system was allowed to equilibrate, and an 
offgas reading was taken. With either well 3 or 4 shut off, offgas concentration rose to 
3 ppm, indicating a smaller share of VOC from these wells. With any of the other wells 
shut off, offgas concentration remained constant at 2 ppm. indicating that none of the 
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wells contributed more than its proportional share of VOC to the offgas. 

Criterion No. 3: "If the second criterion has been met, two soil samples (one at 5 foot 
depth and one at 10 foot depth) will be collected from a soil boring adjacent to a soil 
vapor monitoring probe in the area of highest known VOC near former boring B12. If 
VOC soil concentrations below the soil treatment standard have been obtained then the 
third criterion has been met and the cleanup is complete." In the Conceptual Design 
Report, it is stated that "a cleanup criterion] of 1 milligram per kilogram (ppm) was 
selected, based on experience at similar sites, for a remedial action consisting of 
excavation, treatment by mechanical aeration, and soil replacement in the same 
location....The ability of this technology to meet the previously proposed 1 ppm criterion 
will be confirmed upon completion of a laboratory column test.Jf the results indicate that 
this criterion] cannot be met, an alternate level will be proposed." Based on the results 
of the laboratory column tests (ENSR Document 56-RGB-013, March 31, 1989), it was 
concluded that the 1 ppm criterion was achievable. 

Field experience: On May 18,1990, soil samples were taken at three locations, as shown 
on the attached site layout drawing (Figure 1), at depths of 5 and 10 feet. The locations 
and depths chosen had the highest measured VOC concentrations at the site prior to 
remediation. Three sampling locations were chosen instead of only one, as specified in 
the shutdown criteria, in order to obtain a more representative indication of the 
effectiveness of the remediation. As reported to EPA previously, the soil analyses 
showed VOC concentrations as high as 15 ppm. Results are provided in Table 1. 

3. Groundwater Data 

Groundwater samples within the remediation area were taken on August 23,1989 and June 13, 
1990. PCE. concentrations in the groundwater were 31 mg/l and 3.4 mg/l, respectively. The 
samples were taken from a piezometer which was installed within the remediation area near the 
building, as shown on Figure 1. Although the piezometer was not designed for groundwater 
sampling, it was judged to be adequate for obtaining samples for this purpose. 

4. Observations and Analysis of Data 

Several observations can be made with regard to the site contamination, SVE system operation, 
and soil and groundwater analyses: 

o Based on offgas flow rates and PCE concentration, over 700 pounds of PCE were 
removed from the site. This is approximately 40 times the amount originally believed to 
be in the soil. The reasons for the discrepancy can be 1) the difficulty in getting 
representative soil samples, as evidenced by the fact that the existence of the dry well 
that was excavated was not known until the remediation was well underway; other 
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pockets of" highly contaminated soil may also have existed in the area; and 2) 
groundwater contamination.may have, contributed to VOCs in the offgas. 

Looking at the soil analyses before and after remediation, and only at the areas that were 
sampled after remediation, the concentration of PCE in the soil, has been reduced 
significantly, from an average of 10.4 ppm to an average of 5.6 ppm. Table 1 provides 
analyses of Borings 1, 2, and 3 and the corresponding borings B12, B7, and B11 from 
previous investigations. 

The site soils have not achieved the original cleanup goal'of 1 mg/kg PCE, but this goal 
was chosen based on the results of a laboratory test. Since the laboratory test did not 
duplicate field conditions; the results may have overpredicted the removal effectiveness 
of SVE. The site average PCE concentration (using the latest soil data for the highly 
contaminated areas and 1988 data for the cleaner areas) is 3.0 mg/kg. Considering that 
the system is removing very little additional PCE from the site at this time, the current 
contaminant level appears to be a lower practical limit for remediation of these soils. 

Groundwater level in the area varies by over two feet, depending on season, rainfall, and 
other factors. As the level rises and then falls, contaminated groundwater remains in the 
capillary zone of the soil and can provide a large surface area for evaporation of 
groundwater and volatilization of PCE from the groundwater into the soil air. 

Under subsurface conditions, the equilibrium concentration of PCE in the vapor phase 
is 231 ppm at the current groundwater concentration of 3.4 ppm. At the initial measured 
concentration of 31 ppm PCE in groundwater, the equilibrium vapor phase concentration 
would have been 2100 ppm. Recent measurements of vapor concentrations in the 
extraction wells before unit re-start were as high as 100 ppm. Unsaturated zone soils 
may become recontaminated by PCE from the groundwater as the PCE vapors diffuse 
through the soils. 

Recent performance of the SVE system has shown offgas concentrations of 1 to 2 ppm, 
corresponding to removal rates of approximately 0.3 lb/day. Initial removal rates were 
on the order of 16 lb/day. 

A simplified empirical analysis: Assume the current removal rate of 0.3 lb/day is due 
entirely to PCE in groundwater; and that the groundwater contribution is proportional to 
PCE concentration. At the beginning of the remediation, the PCE removal rate due to 
groundwater would have been approximately 9 lb/day out of a total of 16 lb/day 
removed. If it is assumed that the groundwater concentration decreased linearly, then 
the average removal rate due to groundwater would have been approximately 4.6 lb/day 
over the course of the remediation. 132 days of operation would have resulted in 
removal of just over 600 lb of PCE. This amount, along with the amount of PCE removed 
from the soil, corresponds reasonably well with the total amount removed (700 lb) during 
the operation of the system. 
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o The test showing that each well was contributing a proportional share of VOC indicates 
that the source of VOC is widespread rather in concentrated pockets. Contaminated 
groundwater is a likely source of VOC. 

5. Justification for Shutdown of Soil Vapor Extraction System 

Based on the above observations and analyses, it can be concluded that the SVE system has 
removed a substantial quantity of PCE from the soil, and has now reached the practical limit of 
remediation for this system in this soil mass. The PCE currently being removed is likely derived 
from the contaminated groundwater that underlies the site. This groundwater will be remediated 
with a pump-and-treat system, that is currently being designed and is scheduled to be 
implemented as soon as possible. Therefore, it is recommended that the soil vapor extraction 
unit be shut down and removed from the site at this time. 
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08/07/90 

1988 Samples 

Table 1 
Gemeinhardt Soil Remediation 

Summary of Soil Sampling Results 
1988 and 1990 Samples 

1990 samples 

Boring 

B7 

Bll 

B12 

Approx. Depth 
feet 

4 
7 
10 

4 
10 
14 

10 . 

PCE Cone. 
mg/kg 

14 
0.31 
0.28 

< .007 
0.015 

2.9 

.55 

Eq 
Bo 

uiv. 
ring 

2 

3 

I"' 

App: rox. Depth 
feet 

5 . 
10 

5 
10 

.5 
10 

PCE Cone 
mg/kg 

< 0.5 
15 

4.4 
2.6 

11 
< 0.3 

315 

316 

Average: B7, 

B7, 
B15, 

4 
7 
10 

10 
13 
14 

Bll, 

Bll t 
, B16 

B12: 

B12, 

< .007 
< .007 
0.052 

0.63 
0.1 

10.4 

• • 

5.8 

Average: 1, 2, and 3 

1. 2, 3, 
B15, B16 

5.6 

3.0 
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Calculation Procedure for PCE Removal.Rate 

M. = CD/106 x Q. x :1mote x 166 lb PCE/mole x 1440 min/day 
379eufl . 

Where: 
Mp = mass of PCE in offgas, lb/day 
Cp = Concentration of PCE in offgas, ppmv 
Qa = Air flow rate, cu ft/min 

During the first, day of operation: 

Cp was approximately 100 ppmv 
Q, was approximately 260 cu ft/min 

Mp = 100/106 x 260 x 1/379 x 166 x 1440 

= 16.4 lb PCE/day 

Current operation: 

Cp is approximately 2 ppmv 

Qa is approximately 280 cu ft/min 

Mp = 2/106 x 280 x 1/379 x 166 x 1440 

= 0.35 lb PCE/day: 

Note: Gaseous molar volume of 379 cu ft was assumed. Actual may vary slightly, but error was 
considered inconsequential. 
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B l ^ t a X C ENSR Consulting 
and Engineering 

35 Nagog Park 
_... „ , • »« Aclon, Massachusetts 01720 

ENSR Reference No.: 220-DBU-.057 (508)635-9500 

(508)635-9180 (FAX) 

January 29, 1991 

Mr. Ken Theisen 
U.S. Environmental Protection Agency 
Region V 
230 South Dearborn Street 
Chicago, IL 60604 

Re: Gemeinhardt Site Soil Remediation 
Justification for SVE System Shutdown 
Additional Data Analysis 

Dear Ken: 

Pursuant to our conference call of December 7, I have reviewed 
the available data from the Soil Vapor Extraction system at the 
Gemeinhardt site to develop additional justification for system 
shutdown. Details of this assessment are provided in the 
attachment. 

Briefly, the available soil vapor probe data show the 
concentration gradient present in the soil and the effect of PCE 
in the groundwater on the soil concentrations. The concentration 
gradient is especially evident when the water table is higher 
than normal. Offgas data from individual extraction wells 
indicate little difference among the wells. The conclusions 
that can be drawn are that there are no significant hot spots in 
the soil and that the likely source of PCE is the groundwater. 
Equilibrium calculations indicate that the soil can become 
recontaminated by the PCE in groundwater to levels well above the 
remediation goal of 1 mg/kg. 

The above conclusions, in conjunction with the conclusions 
presented in my letter of August 16, 1990 (ENSR Reference No. 
220-DBU-036), provide adequate evidence that the SVE system has 
reached its limit of effectiveness and should therefore be shut 
down at this time. 

Please call me if you have any questions. 

Sincerely, 

David B. Urban, P.E. 
Senior Project Manager 
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cc: J. Horowitz, P.E. - CBS 
R. Clemens - ENSR 
C. Davis, Esq. - GPH 
J. Wingard, P.E. - EIS 
J. Barbato - ENSR 
J. Schiffgens - ENSR 

attachment 
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Gemeinhardt Site Soil Remediation 
Additional Justification for SVE System Shutdown 

The soil vapor extraction (SVE) system has been operating at 
the Gemeinhardt site in Elkhart, Indiana since September, 1989 
for the purpose of removing PCE from the soils in the area. A 
report on the justification for shutdown was issued by ENSR on 
August 16, 1990 (ENSR Reference No. 220-DBU-036). A conference 
call was held on December 7, 1990 among Mr. Dom DiGiulio of EPA 
Kerr Laboratory, Mr. Ken Theisen of EPA Region V, and Mr. Dave 
Urban of ENSR to discuss the report, EPA's comments on that 
report, and remediation efforts at the site. The primary outcome 
of that discussion was that the data presented did not 
demonstrate to EPA's satisfaction that the groundwater was the 
primary source of PCE, and that a soil gas survey should be 
conducted to provide evidence of a soil vapor concentration 
gradient due to PCE in groundwater. ENSR investigated the 
logistics and possible results of a soil gas survey and concluded 
that a one-time survey could be misleading, especially 
considering the potential for interference from soil moisture on 
concentration measurements. Therefore, the soil gas survey was 
put on hold. Instead, available data obtained during 17 months 
of operation were reanalyzed to better understand the 
effectiveness of the SVE system. This report provides these 
additional analyses, which, in conjunction with the August 16 
report, justify system shutdown at this time. 

Soil Vapor Data 

Soil vapor data that have been collected from the vapor 
probes at the site during SVE operation were tabulated and 
rearranged to show the effect of depth on concentration. These 
data are presented in Table 1. In this table, the concentration 
measurements are also averaged for 6-foot, 9-foot, 10-foot, and 
12-foot depths. At a depth of 6 feet, measurements from Vapor 
Probes 2, 5, 7, 8, 9, 13, and 14 are included. The 9-foot probes 
include VP-12, VP-15, and VP-16. At 10 feet, measurements from 
Vapor Probes 1, 6, 10 and 11 are averaged; an adjusted 10-foot 
average is also presented in which the VP-ll measurements are not 
included. This probe had high concentrations because of the 
contaminated dry well nearby; the dry well and VP-ll were removed 
in March, 1990. The 12-ft values include measurements from VP-3 
and VP-4. Figure 1 shows the locations of the vapor probes, as 
well as the injection wells, extraction wells, and borings. 

Figure 2 is a plot of vapor probe concentrations over the 
operating period of the SVE system. Average concentrations at 
three depths are shown. Data from the 9-foot level are not shown 
because they were not available for the entire operation. The 
10-foot data do not include VP-ll measurements. 
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Normal groundwater level at this site is approximately 14 

feet below grade. The ̂ extraction wells 'aind injection wells were 
installed such that the bottoms of the wells would be 
approximately 2 feet above the water table. Oh June 12 (267 days 
after startup) , it was noted that the water table had risen to a 
level as much as 6 inches above the bottom of the injection 
wells; recent heavy rains were the probable cause. As noted on 
Figure 2, the high water table resulted In greatly increased 
vapor concentrations. It is not known how long the groundwater 
remained at the high level, because water table measurements were 
not a part of the routine monitoring of the operation. This 
figure shows some important data trends: 

1. Since the start of site remediation, a soil vapor 
concentration gradient that increases with depth has 
existed; i.e., as the water table is approached, PCE 
concentration in the soil vapor increases. 

2. Through May 14, soil vapor concentrations dropped steadily 
with time, indicating that the SVE system was removing PCE 
from the soils. 

3. The dramatic increase in soil vapor concentration when 
groundwater level rose, along with the more pronounced 
concentration gradient with depth (Figure 2), confirms the 
impact of groundwater contamination on soil vapor 
concentrations. 

In summary, the vapor probe data provide evidence that PCE in the 
groundwater does, in fact, migrate into the soil vapor. 

Extraction Well Data 

Extraction well vapor concentrations are provided in Table 
2. These measurements were taken using the same procedures as 
for the vapor probe measurements, i.e., after the vacuum pumps 
were shut down and the vapors were allowed to equilibrate 
(approx. 2 hr) . Extraction well averages are reported both with 
and without the readings from extraction well EW-6; the high 
levels due to the contaminated material near EW-6 that was 
subsequently excavated tend to mask the overall data trends. An 
important observation is that, after the bulk o* the site 
contamination was removed, none of the wells had vapor 
concentrations significantly different from the others. This 
trend indicates that the source of PCE was uniform across the 
site. It can be concluded that groundwater is the likely source. 

-2-
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Table 3 provides the results of a test conducted on 

September 18,. 1990, in which only one extraction well was being 
drawn from at a time. Unfortunately, extraction well EW-2 could 
not be shut off, and, therefore, remained open for all readings. 
These data indicate that all the wells are extracting 
approximately the same amount of PCE from the soil and 
groundwater. The highest reading occurred when EW-2 alone was 
operating, and PCE concentration reached 4 ppm. However, this 
reading may be misleading because, with all the air (approx. 280 
CFM) being drawn through the one well, the air flow pattern 
around the extraction well would be expected to be quite 
different from the pattern that would develop when the flow is 
shared between EW-2 and each of the other wells. The vacuum 
readings at vapor probes VP-3 and VP-4, which are close to EW-2, 
were 3 to 4 times higher than normal during this test. These two 
probes are at a depth of 12 feet, which means that the air flow 
near the groundwater surface was higher than normal, causing the 
more concentrated soil vapor to be drawn into the system. The 
result is a slightly higher offgas concentration from this well 
compared to the concentrations from, the other wells. 

The fact that the concentrations from all of the wells were 
approximately the same indicates that the source of PCE is 
relatively constant across the site. Once again, it can be 
concluded that groundwater is the probable source. 

Equilibrium considerations 

Available data show the concentration of PCE in groundwater 
to range from 3 to 31 mg/l. Based on a Henry's Law constant of 
0.7 at 25 deg C, the equilibrium vapor concentration of PCE is 
231 and 2100 ppmv, respectively. As PCE in the groundwater 
transfers to the vapor phase, it will approach equilibrium with 
the soil and moisture in the unsaturated soils above the water 
table. The moisture equilibrium will be based on Henry's Law. 
The amount adsorbed to the soil particles will be based on the 
partition coefficient, Kd, for the soil-water system. Bishop, et 
al1 report Kd = 1.2 for PCE in a sandy soil with organic carbon 
content of 0.12%. Although this K. does not necessarily 
represent the Gemeinhardt soils, it provides an estimate of the 
equilibrium PCE levels that would be approached in the soils. 
Based on these values, the equilibrium PCE contant in the soils 
would be roughly 4 to 40 mg/kg, well above the remediation goal 
of 1 mg/kg. 

..." -3-

'D. J. Bishop, J. P. Knezovich, D. W. Rice, Jr., " Sorption 
Studies of VOCs Related to Soil/Ground Water Contamination at 
LLNL," NTIS DE89-016698, August, 1989. 
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This equilibrium analysis indicates that the PCE levels in 

the site soils may exceed the remediation-goal due entirely to 
the diffusion of PCE:from.the groundwater. Although the analysis 
does not consider the rates of diffusion through the soils, it 
can be concluded that further remediation at this time with the 
soil vapor extraction system is not justified because, until the 
groundwater is remediated, the soil could eventually become 
recontaminated when the SVE system is shut down. As PCE is 
removed from the groundwater with the planned pump-and-treat 
system, equilibrium forces,will result in the transport of PCE 
out of the soils via diffusion, infiltration, and water table 
fluctuations. 

Justification for Shutdown of Soil Vapor Extraction System 

Based on the above observations and analyses, it can be 
concluded that the SVE system has removed a substantial quantity 
of PCE from the soil, and has now reached the practical limit of 
remediation in this soil mass. The PCE currently being removed 
is likely derived from the contaminated groundwater that 
underlies the site, as evidenced by the analyses presented herein 
in conjunction with the evaluation provided in the initial 
justification for shutdown (letter of August 16). As part of the 
Consent Order of January 23, 1990, the contaminated groundwater 
will be remediated with a pump-and-treat system that is currently 
being designed and is scheduled to be implemented as soon as 
possible. Therefore, it is recommended that the soil vapor 
extraction unit be shut down and removed from the site at this 
time. 

-4-
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EPA AUTHORIZATION FOR SHUTDOWN 
(REFERENCE 12) 
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f J Q L \ UNITED STATES ENVIRONMENTAL PROTECTION AGENCY 
I V W X : REGIONS 
V J MO SOUTH DEARBORN ST. 

« • * * * CHfCAOO.ILUNaS 60604 

REPLY TO ATTENTION OF: 

February 13,1991 

Mr. David Urban 
Senior Project Manager 
ENSR Consulting and Engineering 
35 Nagog Park 
Acton, Mass. 01720 

Re: Gemeinhardt Site Soil Remediation 
Justification for SVE Shutdown 

Dear Dave: 

I am in receipt of your correspondence of January 29, 1991 
concerning your reanalysee of data pertaining to the shutdown of 
the Soil Vapor Extraction System. After reviewing your 
submittal, I have concluded that your argument why Criterion 3 
cannot be met is valid and should be used as the basis for the 
system shutdown. Please consider this letter as the United 
States EPA's authorization to dismantle the system as a result of 
the shutdown criteria having been met. 

I appreciate the effort that you have expended on this portion of 
the project and I am looking forward to working with you on the 
remaining aquifer remediation phase. 

Sincerely, 

Kenneth Theisen, OSC Region V 

Pmt»d en Rtcfdtd Pap* 
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Appendix F 

Waterloo (Borden) SVE experiment: core data and technical paper 



Background: 

As part of a series of field experiments investigating the behaviour of chlorinated solvents in the 
subsurface, a block of the upper aquifer sands and silts at the Canadian Forces Base Borden field 
site has been hydraulically isolated using sealable sheet pile walls driven through the aquifer and 
keyed into the underlying aquitard. In July 1991, an experiment was conducted in this cell in 
which 770 litres (1250 kg) of perchloroethylene (PCE) was released in the centre of the cell and 
the movement of the solvent liquid was monitored using a variety of geophysical techniques. 
At the conclusion ofthe geophysical experimentation, the water level in the cell was lowered to 
the top of the aquitard and a conventional soil vacuum extraction (SVE) system was installed. 
The goal of the SVE trial was to evaluate the performance and efficiency of the SVE technology 
in a relatively homogeneous aquifer under "controlled" conditions. Some of the pertinent details 
of this SVE field trial are discussed in Attachment 1. 

Pre-Remediation Soil Core Analyses: 

To establish initial PCE soil conditions prior to the initiation of the SVE trial, two sets of soil 
cores were collected and analyzed for bulk PCE soil concentration using a methanol extraction 
method. The first set of eight cores was collected after the geophysical experiment was 
completed in the Fall of 1991 and were designated as CP-1 to CP-8 as shown in Figure 1. The 
second set of seven cores was collected when the SVE system was installed in the Fall of 1992 
and these cores were identified as Cl to C7 as shown in Figure 1. The bulk soil concentration 
profiles from both of these sets of cores are presented in Figures 2 to 16. 

Post-Remediation Soil Core Analyses: 

Eight soil cores (identified as CR-1 to CR-8) were collected from the cell after approximately 
185 days (January, 1994) from the start-up of the SVE system. At this point in the remediation 
process approximately 400 kg of PCE had been removed from the cell. The location of each of 
these cores (see Figure 1) was selected using the results of a soil gas survey performed in late 
December 1993. The collected cores spanned the range of soil gas concentrations measured 
during the soil gas survey. The rationale for the selection of each core is provided below: 

CR-1: This core was collected from an area where soil gas concentrations 
were between the high concentrations near the centre of the cell 
and relatively low concentrations at the edge of the cell. 

CR-2, CR-3, CR-4: These cores were collected one metre apart to investigate the bulk 
PCE soil concentrations from a zone of high soil gas concentrations 

l to a zone of relatively low soil gas concentrations. 
i 

CR-5: | This core was collected adjacent to core C7 (a pre-remediation 
j core). 

CR-6: ' This core was collected adjacent to core C4 (a pre-remediation 
core). 



CR-7 This core was collected adjacent to core C5 (a pre-remediation 
core). 

CR-8 This core was taken from an area that appeared relatively clean 
based on soil gas concentrations. 

These soil cores were collected using a modified version of the coring technique described in 
Attachment 2. Each core was placed in a jig and the core tube was split longitudinally. A fine 
wire was used to divide the cores into semi-cylindrical halves. Two sub-samples were collected 
side-by-side every 5 cm along the core using a 2 mL sampler. One sample was placed into a 
pre-weighed dry vial for moisture content analysis, and the second sample was placed into a pre-
weighed jar containing 10 mL of spectrophotometer grade methanol for PCE concentration 
analysis. The cores were .split and sampled within one hour of collection to minimize 
volatilization losses. 

A total of 888 sub-samples were extracted fromthe eight cores,'444 of these sub-samples were 
used to determine bulk PCE concentration (mass of PCE/mass of dry soil), and the remaining 444 
sub-samples were used to determine the volumetric soil moisture content. 

An aliquot of the methanol from each sample bottle was transferred into an autosampler vial and 
was initially screened on a gas chromatograph (GC) equipped with a flame ionization detector 
(FID). All samples that yielded a PCE concentration less than 25 mg of PCE/L of methanol were 
re-analyzed on a gas chromatograph equipped with an electron capture detector (ECD). The 
lower detection limit (LDL) on the GC/ECD was statistically determined (Greenberg et a l , 1992) 
as 0.4 pg of PCE/L of methanol. Considering the range of dry soil mass employed in each 
sample, the 0.4 pg/L LDL in methanol corresponds to an approximate bulk soil LDL of 0.002 
mg of PCE/kg of dry soil. 

The profiles of bulk soil concentration and moisture content for each post-remediation core are 
presented in Figures 17 to 24. 

References: 

Greenberg A. E., R.R. Trussell, and L.S. Clesceri, Standard Methods For the Examination of 
Water and Wastewater, America Public Health Association, 18 edition, 1992. 
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Figure 1: Location of Soil Cores 
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Figure 2: PCE Saturation Profile for Core CP-1 
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Figure 3: PCE Saturation Profile for Core CP-2 
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Figure 4: PCE Saturation Profile for Core CP-3 
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Figure 5: PCE Saturation Profile for Core CP-4 
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Figure 6: PCE Saturation Profile for Core CP-5 
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Figure 7: PCE Saturation Profile for Core CP-6 
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Figure 8: PCE Saturation Profile for Core CP-7 
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Figure 9: PCE Saturation Profile for Core CP-8 
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Figure 10: Soil Concentration Profile for Core C1 
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Figure 11: Soil Concentration Profile for Core C2 
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Figure 12: Soil Concentration Profile for Core C3 
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Figure 13: Soil Concentration Profile for Core C4 
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Figure 14; Soil Concentration Profile for Core C5 Figure 15: Soil Concentration Profile for Core C6 

0 i : 1 0 

1 10 100 1000 10000 

Soil PCE Cone, (mg/kg) 

0.5 

C/5 

d) 

E 
1.5 

•*= 2 
Q -
CD 

Q 
2.5 

3.5 

DETECTION LIMIT 

_i i I i i m l I I 1 • ' ' 

1 10 100 1000 10000 

Soil PCE Cone, (mg/kg) 



Figure 16: Soil Concentration Profile for Core C7 

0 

0.5 

in 

d) 1.5 

CL 
CD 

Q 
2.5 

3.5 

L _ _ _ _ 

^ ~ ^ 

• I / < ^ 

• \ ^ ^ \ * 

. | ^ ^ 

| ^ = 7 

. . ^ ni—rrr^TinM i IKAIT ^""*^TI 
l ^ U L I \ - \ j 1 I U I N LIMI 1 

' i i i i m l • i • i l • i i i m i l i i i 1 

1 10 100 1000 10000 

Soil PCE Cone, (mg/kg) 



Figure 17: Soil Concentration and Moisture Content Profile for Core CR-1 
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Figure 18: Soil Concentration and Moisture Content Profile for Core CR-2 
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Figure 19: Soil Concentration and Moisture Content Profile for Core CR-3 
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Figure 20: Soil Concentration and Moisture Content Profile for Core CR-4 
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Figure 21: Soil Concentration and Moisture Content Profile for Core CR-5 

0 

0.5 

U) 
d) 
.d 1.5 

-C 2 
•+—• 

Q . 
CD 
Q 

2.5 

3.5 

-

^ F ~ 

..^T 
P' 
^ = > 

^ L _ _ _ _ 

r ^ r ^ r r r - - - r s y : : ^ . 

u 

• ^ L 1 

• ^ T 1 
S^ I 

• ^ ^ ^ 

1 î l 
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Figure 22: Soil Concentration and Moisture Content Profile for Core CR-6 
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Figure 23: Soil Concentration and Moisture Content Profile for Core CR-7 
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Figure 24: Soil Concentration and Moisture Content Profile for Core CR-8 
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Abstract 

Soil vacuum extraction has been used in remediation programs at contaminated sites 
throughout Canada and the United States. Case studies have reported on the ability of 
this technology to remove large amounts of mass; however, soil clean-up levels are 
measured in terms of the mass remaining in the subsurface, not in terms of the mass 
removed. The heterogeneous nature of many subsurface environments results in rapid 
removal from higher permeability layers, followed by slow removal from lower 
permeability layers. Significant mass may be retained in the soil after mass removal 
rates become negligible. The quantification of the effects of heterogeneity on the 
efficiency of remediation would aid in the decision of whether or not to implement 
vacuum extraction as a remedial method at individual sites. 

A large field scale experiment was performed in a 267 m3 block of naturally 
heterogeneous aquifer. Perchloroethylene (PCE) was vacuum extracted from a test cell. 
The effluent concentration decreased to low levels after only 25% of the initial mass of 
PCE had been removed. The use of extensive in situ monitoring provided information 
on the effects of heterogeneity on the removal of PCE from the soil. The progress ofthe' 
experiment was monitored at twenty-three monitoring nests, which allowed the 
measurement of several important parameters, including: soil gas concentration, soil gas 
pressure, temperature, and volumetric water content. The monitoring data revealed the 

Presented at the NGWA Outdoor Action Conference, Minneapolis, MN, May 23-25, 1994. 
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location of areas exhibiting low remediation efficiency. Pre-cleanup and post-cleanup 
soil cores were collected and analyzed to estimate cleanup efficiency. Details of the 
findings of this field trial are presented, and the role of heterogeneities are elucidated. 

Introduction 

Soil vacuum extraction (SVE) has been a commonly applied remediation technology at 
many sites throughout North America. Several authors have reported its use to 
remediate (with varying success) soils contaminated by petroleum hydrocarbons and 
volatile organic chemicals (VOC's) (e.g., Conner, 1988; Ardito et al., 1990). 

While a great number of case studies of SVE have been reported, very few have been 
instrumented enough to gain insights into the processes involved and the efficiency of 
various venting configurations. In addition, few case studies have reported the degree 
of success of the remediation in. terms of soil concentration. Success has mainly been 
judged in terms of mass removal. The properties of non-aqueous phase liquids 
(NAPL's) require almost complete removal of the contaminating chemicals from the 
vadose zone before a site could be considered remediated. This is because their 
solubilities can be thousands of times higher than the maximum concentration levels 
(MCL's) set by the United States Environmental Protection Agency (USEPA). Table 1 
lists the aqueous phase solubilities and USEPA MCL's for drinking water for several 
volatile NAPL's, as well as their aqueous solubilities. 

Table 1: Aqueous Solubilities and Drinking Water Limits 

Chemical 

Perchloroethylene (PCE) 

Trichloroethylene (TCE) 

1,1,1 Trichloroethane (1,1,1 TCA) 

Benzene 

Toluene 

o-Xylene 
Notes: 

Aqueous Solubility 
(mg/L) 
(25 °C) 

150b 

1100" 

720c 

1780c 

515C 

175c 

USEPA 
MCLa 

(mg/L) 

0.005 

0.005 

0.2 

0.005 

2 

0.440, 

Solubility/ 
MCL 

30000 

220000 

3600 

356000 

258 

398 

a US Environmental Protection Agency Maximum Concentration Limits for Drinking Water 
b Howath(1982) 
c MacKay and Shiu (1982) , 

As can be seen from the solubility/MCL ratios in this table, small amounts of NAPL can 
result in significant volumes of contaminated ground water. 



The purpose of this field experiment was to investigate SVE at the field scale in a 
naturally heterogeneous soil in terms of both mass removal performance and soil clean
up performance. 

Heterogeneity 

Since all natural soils are heterogeneous to some extent, it would be useful to quantify 
the effects of these heterogeneities on SVE. Soil heterogeneity will have several effects 
the are relevant to SVE. From the moment a NAPL is released into the environment, the 
degree of heterogeneity of the underlying soil will affect its distribution. Paulsen and 
Kueper (1992) demonstrated that NAPL movement will be controlled by heterogeneity 
even in weakly heterogeneous soils (permeability variations over vertical distances of 
centimetres). As the NAPL moves along tortuous paths through the porous medium the 
zones containing residual NAPL and pools of NAPL, will be hon-uniformly distributed 
throughout the zone of contamination. 

Non-uniform NAPL distributions have been shown to slow the removal of a NAPL from 
the subsurface. For example, Benson (1990) performed laboratory experiments that 
showed that mass removal from a non-uniform NAPL distribution was slower than from 
a uniform NAPL distribution. 

Laboratory and field studies have also shown that soil heterogeneity will haye a great 
influence on subsurface gas flow. Ho and Udell (1991) found that the time required to 
remove a NAPL trapped in a lower permeability layer will increase as the difference in 
permeability between the lower permeability layer and an adjacent higher permeability 
layer increases. Chambers and Hennier (1991) performed a pneumatic test in a complex 
layered system for the design of an SVE system, and found very little response in a low 
permeability layer even when the vacuum well was only screened across that layer. 

The experimental program discussed herein included a heterogeneous porous medium, 
a non-uniform NAPL distribution, and a non-uniform soil moisture content. The effects 
of these on the performance of the SVE system were considered. 

Experimental Background 

An experiment investigating SVE at the field scale was performed at CFB Borden, 
Alliston, Ontario. The experiment was performed in a block of surficial aquifer located 
approximately 750 m northeast of the site of the Stanford tracer experiment (Mackay et 
al., 1986). The site was previously used for a geophysics experiment (Brewster et ai , 
1992). y • 

While the sand in the upper aquifer is considered to be a fairly homogeneous, clean, 
well sorted fine-medium grained sand, observation of core samples showed distinct 
horizontal layering. Mackay et al. (1986) described the texture of the individual beds and 
laminae as varying from silt to coarse sand with occasional pebbles. Falling head 
permeameter tests performed on samples from the upper Borden aquifer revealed 



permeability variations on the millimetre scale (Paulsen and Kueper, 1992; Sudicky,1986): 
The layers typically differed in permeability by a factor of 1.7. 

The research area was a block of the surficial sand aquifer measuring 9 m x 9 m in plan 
and approximately 3.3 m deep. The block was isolated by double sheet pile walls which 
were pneumatically driven through the aquifer and keyed into the clay aquitard, forming 
an impermeable base. In order to prevent leakage through the walls into the aquifer, the 
joints between the wall sections were sealed using a bentonite grout (Starr et a i , 1992). 

The cell was initially used for a geophysics experiment. The purpose of this study was 
"to evaluate the effectiveness of several different geophysical techniques for observing 
the presence of organic solvents in the subsurface" (Brewster and Redman, 1991). In July, 
1991, seven hundred and seventy litres of perchloroethylene (PCE), commonly used as 
a dry cleaning solvent, was injected into the cell at a constant head of 123 cm of PCE 
(198 cm of water). The injection occurred 60 cm below ground surface (b.g.s.). At the 
time of the injection the water level in the cell was maintained at 15 cm b.g.s., ensuring 
that the cell was fully saturated (the upper 15 cm was tension saturated). 

PCE movement was monitored for over a month using an array of geophysical 
technologies. Several geophysical technologies successfully monitored the movement of 
the DNAPL, including time domain reflectometry (TDK), neutron logging and ground 
penetrating radar (GPR) (Brewster and Redman, 1991). After 984 hours (41 days), the 
DNAPL appeared to be immobile since there were no longer observable changes 
between the elapsed time geophysical data (Brewster, 1993). 

Once the geophysical experimentation was completed, the cell was de-watered in 
preparation for the SVE experiment. The water table in the cell was lowered to 
approximately 3.0 m b.g.s. in order to create as much of an unsaturated zone as possible. 
While de-watering the cell, 174 L of pure phase PCE was removed. 

Monitoring Equipment 

In order to investigate the performance of the SVE system, it was necessary to carefully 
and comprehensively monitor the progress of the experiment. The parameters 
monitored for this experiment were soil gas. concentration, in situ gas pressure, soil 
temperature, volumetric moisture content, effluent concentration, flow rate, line pressure, 
barometric pressure, and ambient temperature.. The spatial variability of the soil and 
NAPL distribution necessitated a large network of instrumentation to properly assess the 
remediation progress. Figure. 1 shows the locations of the monitoring installations. 
Before any monitoring equipment was installed, the surface of the cell was covered with 
2 layers of 6 mil vapour barrier to prevent the infiltration of rainwater, and to help 
control the airflow by preventing atmospheric air from being drawn through the ground 
surface. 

Many of the performance measurement parameters were measured at seventeen multi
level sampling nests distributed throughout the cell. Nests SI to S16 had two or three 
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samplers each, installed to 
nominal depths of one, two, 
and three metres, and nest SI7 
had six samplers installed at 
half-metre intervals. The 
samplers were entirely 
constructed of stainless steel, 
with the exception of Teflon™ 
Mininert™ valves that were 
used to seal the samplers from 
the atmosphere (see Figure 2 
for the construction of the 
samplers). 

One of the most useful tools for 
evaluating the success of SVE 
at meeting site clean-up goals is ^S*™ 1 : Location of Monitoring Equipment 
soil gas concentration. This 
parameter has been used in several field trials of SVE as an indication of the progress 
of the remediation program (e.g., Stinson, 1989; Robitaille and Walen, 1988). Soil gas 
measurements were made at each of the multi-level sampling nests before and at various 
times during the field trial. 

In addition to soil gas concentration measurement, the multi-level samplers were used 
to measure the in situ gas pressure, which provided information on the pressure 
distribution throughout the cell. These measurements were performed by connecting 
a handheld pressure transducer to each sampler. 

Finally, the multi-level sampling nests were used as electrodes for TDR, which is a 
method of non-destructively measuring the volumetric moisture content of the soil. 
Measurements made at each multi-level sampling nest allowed contour maps of the 
average moisture content from 0 m to 1 m b.g.s., and from 1 m to 2 m b.g.s. to be made. 
This provided an indication of the spatial variability of the volumetric moisture content. 

These measurements were complemented by moisture content profiles measured at 
in situ TDR probes at locations TDR-1 and TDR-2 (see Figure 1). These probes allowed 
the measurement of the moisture content over 16 cm lengths from the ground surface 
to the aquitard. Moisture content profiles were measured each time that the spatial 
variation in moisture content was measured using the multi-level nests. 

The subsurface temperature was measured at four nests of thermocouples installed in 
a line across the centre of the cell. Each nest contained three thermocouples installed to 
depths of 1, 2, 3 m b.g.s. The temperature was monitored using a datalogger system in 
order to provide a detailed record of temperature fluctuations. 
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Figure 2: Sampler Construction Detail 

In order to monitor the mass removal performance of the SVE system, the volumetric 
flow rate and the effluent concentration were measured. Along with the gas pressure 
throughout the piping manifold, these parameters provided an indication of the rate at 
which mass was being removed from the subsurface. 

Vacuum System 

The vacuum system consisted of six wells arranged in two rows of three wells along 
opposite sides of the experimental cell. These were connected to the blower by a piping 
manifold (see Figure 3 for a the location of wells and pipes). All of the wells and the 
pipes were constructed of Schedule 40 PVC. The wells were fully screened across the 
depth of the cell. In order to allow for some flexibility in the operation of the SVE 
system, each well was equipped with valves that allowed it to be used as either an 
extraction well or as a passive air inlet well. 
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Background Conditions 

Before the experiment began, it was necessary to establish the distribution of the 
contamination to provide a reference for comparison with monitoring data collected 
throughout the course of the experiment. This data was obtained from three principle 
sources: GPR sections, chemical analysis of soil cores, and soil gas concentration. The 
first two types of data were combined to produce maps showing the approximate 
locations of pools of pure phase PCE. Several pools of PCE were located through the 
cell. As an example. Figure 4 shows the location of a large pool of PCE at 0.8 m b.g.s. 
Brewster (1993) estimated that this pool contained between 33% and 41% of the original 
mass of PCE injected. 

The location of this large pool at 0.8 m b.g.s. can be compared with the soil gas 
concentrations measured at 1 m b.g.s. as shown in Figure 5. These data confirmed that 
there was widespread contamination throughout the subsurface at this level. With the 
exception of the northwest corner of the cell, the soil gas concentration throughout the 
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cell was dose to the theoretical saturated gas phase concentration of PCE (20000 ppmj. 

Preliminary Experimental Results .and Discussion . , 

The SVE experiment began on }uly 8,1993. For most of the experiment the system was 
operated using wells SVE-4, SVE-5, and SVE-6 as extraction wells. The wells on the 
other side of the cell were opened to the atmosphere to act as passive air inlet wells. 
The blower ran continuously for most of the experiment, with the exception of 
equilibration periods before soil gas surveys were performed, and accidental shut-downs 
due to power interruptions. 

The system effluent concentration profile was typical of other SVE remediation efforts 
reported in the literature in that it had three distinct stages delineated by changes in the 
slope. Figure 6 shows the effluent concentration profile and the cumulative mass 
removed after 175 days of operation. Notice that the effluenfconcentration decreased 
to very low levels even when there was a significant portion of the original mass 
remaining in the subsurface. The slope of the effluent concentration curve was 
approaching zero at approximately 100 days, indicating that a steady state effluent 
concentration had been reached at this point in the experiment. Using the effluent 
concentration at 102 days (106 ppmv) along with an air flow rate of 7.5 scfm (210 L/min), 
it would take nearly six years to remove the remaining mass contained within the cell 
at this point in the experiment. 

The decrease in effluent concentration reflects a decrease in the mass flux out of the cell; 
however, the decrease in mass flux was not accompanied by low soil gas concentrations 
throughout the unsaturated zone in the cell. For example, the mass flux after 58 days 
of operation was calculated as 0.42 kg/day, even though a soil gas survey performed ten 
days earlier showed that there were areas within the cell that still contained very high 
soil gas concentrations (>50% of the saturated gas phase concentration of PCE). This 
disparity between the mass flux and the degree of contamination is evidence that 
heterogeneous conditions in the test cell may have been limiting the performance of this 
vacuum system in terms of both mass removal, and soil clean-up. 

One reason for the slow mass removal was that some of the mass of PCE was located 
within the capillary fringe and the saturated zone; however, this cannot completely 
explain the slow mass removal rate, since soil gas surveys revealed that there were zones 
above the capillary fringe exhibiting slow mass removal. A zone at 1 m b.g.s. that had 
higher soil gas concentrations than other areas of the cell has been highlighted in Figure 
7. This zone of higher concentration was observed in all six soil gas surveys performed. 
As the soil gas concentration around this zone decreased, the concentration in this zone 
also decreased, but at a much slower rate. 

The fact that this porous medium is only weakly heterogeneous would suggest that a 
SVE system should have easily removed all of the PCE from the unsaturated zone. Since 
this was not the case, it is interesting to investigate possible causes of this performance-' 
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limitation. Since the location of this high soil gas concentration region is asymmetrical 
relative to the flow direction, the slow clean-up cannot be completely attributed to its 
distance from the extraction wells. As discussed earlier, soil heterogeneity can affect 
SVE through flow variations caused by permeability variations, non-uniform NAPL 
distribution, and non-uniform moisture content. These parameters are discussed below 
with respect to this high gas concentration zone.-

Falling head permeameter measurements made on cores collected in the high gas 
concentration zone determined that the intrinsic permeability was slightly higher in this 
zone than in other areas of the cell. This suggests that variations in intrinsic 
permeability did-not have "a direct affect on the air flow in this zone. 

If the porous medium had been homogeneous, the NAPL should have been uniformly 
distributed. The initial location of pure phase PCE at 0.8 m b.g.s. (Figure 4) shows that 
there was a larger NAPL zone in the southwest portion of the cell than in the northwest 
portion of the cell. Brewster (1993) stated that the GPR analysis performed prior to the 
SVE experiment indicated that there was a vertical NAPL flow conduit in this zone, 
which may have resulted in higher NAPL saturations within this zone. Since relative 
air permeability is dependent on the air saturation, a higher NAPL saturation would 
result in lower air flow through this zone. The analysis of cores collected within this 
zone prior to the SVE experiment found that these cores had higher NAPL saturation 
than cores collected elsewhere in the cell. The asymmetrical (i.e., non-uniform) NAPL 
distribution prior to the experiment would contribute to non-uniform flow in this zone. 
In situ gas pressure data revealed that the southwest quarter of the cell was not as 
influenced by the subsurface pressure field as the northwest corner was (see Figure 8). 
A lower pressure drop could be reflected in a lower flow rate in this area. 

The moisture content throughout this zone ranged from a high of 20% down to 17.5%, 
decreasing from west to east. The moisture content on the west side of the cell was the 
highest measured at this depth. The combination of a relatively high moisture content 
and a high NAPL saturation would have reduced the air permeability in this region. If 
pure phase PCE was separated from the moving air by a zone with a high water content, 
then aqueous phase diffusion limitations would result in slow removal of this mass. 

It appears that the degree of heterogeneity in this experimental cell was sufficient to 
affect clean-up. The high concentration zone persisted even after the mass flux had 
become very low. Since many contaminated sites will have much more complicated 
geology than the simple beach deposit at Borden, it can be expected that the 
performance of a SVE system will be much more limited at these sites than it was in this 
experiment. The fact that this zone was not strongly influenced by the induced gas 
pressure field is evidence that the heterogeneous nature of the porous medium was 
limiting the performance of the SVE system. 

Eight soil cores were collected in January, 1994 to further investigate the soil clean-up 
performance. They are currently being analyzed for PCE concentration and moisture 



content. This data will be used to confirm the soil gas data, and to provide more 
detailed PCE soil concentration profiles. 

The results presented here are preliminary, since this SVE system is still operating at this 
point. More conclusive results will be available once the analysis of the soil cores for 
PCE concentration is completed. 

Conclusions 

The field trial of SVE at CFB Borden has provided some insight into the performance of 
this technology in a heterogeneous soil. The experimental cell contained several 
elements which added to its complex nature: a heterogeneous porous medium, non
uniform NAPL distribution, and a non-uniform moisture content distribution. The 
experiment was intensely monitored in order to help quantify the effects of these 
complexities. 

The experiment showed that the mass removal performance of the SVE system decreased 
significantly even though a significant quantity of PCE remained in the subsurface. If 
the remaining mass was all trapped within zones with high water saturation, then- this 
decrease in the mass removal performance could be expected. However, soil gas 
surveys revealed that there was a zone with high soil gas concentrations at 1 m b.g.s. 
that was not being remediated as quickly as the rest of the cell at this level. It is 
believed that the heterogeneous nature of the soil played a role in the slow removal of 
the PCE from the unsaturated zone since this heterogeneous nature gave rise to spatially 
varying NAPL and moisture content distributions. 
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A New Method for Collecting Core Samples 
Without a Drilling Rig 
by Robert C. Starr and Robert A. Ingleton 

Abstract 
A new piston sampler allows the collection of high-quality core samples from sand, silt or clay, up to depths of 

18 meters. The sampler is operated by a one- or two-person crew without a drilling rig. The sampler and ancillary 
equipment fit easily into a half-ton truck, making this a highly portable sampling system. Other advantages include 
minimal mechanical disturbance and precisely known sample depth. Casing is not required to maintain an open 
corehole below the water table and drilling fluid is not used in the corehole, so the solids and pore water of the 
sample should not be contaminated by foreign fluids. High-quality samples for physical, geochemical, and microbio
logical characterization of the subsurface are easily obtained with this new device. 

Introduction 
Samples of pore water and solid materials from 

below the ground surface are often required in investiga
tions of subsurface contamination and for physical, geo
chemical, and microbiological characterization of 
hydrogeologic regimes. Samples for hydrological inves
tigations should have the following characteristics: 

• Known depth of origin 
• Good sample recovery 
• Limited mechanical disturbance 
• Pore water and solid phase uncontaminated by drill

ing fluids. 

Existing sampling techniques and equipment often 
provide samples that fail to meet one or more of these 
criteria. For example, the depth of origin of samples 
collected from drill cuttings is poorly known. Clean, 
loose sands and gravels form many important aquifers, 
but sample recovery in these materials is often poor. 
Split barrel and other thick-walled samplers yield sam
ples that are substantially disturbed mechanically, while 
samples collected in boreholes drilled with mud, 
through hollow-stem augers filled with water, or beneath 
wash-bored casing are contaminated to some degree 
with drilling fluid. 

Drilling rigs are usually required to obtain samples 
deeper than a few meters below the ground surface. 
Land access problems, budgetary constraints and sche
duling difficulties often make the use of a drilling rig 
impractical, so manual sampling techniques are some
times preferable. 

Patterson et al. (1978) and Sudicky (1986) describe 
methods of collecting core samples without using a drill
ing rig. Both methods rely on wash-bored steel casing 
to maintain an open borehole below the water table, 
and both methods are designed to provide minimal dis

turbance and precisely known sampling depth. One 
method incorporates a piston and generally yields excel
lent sample recovery. The major disadvantage with both 
samplers is that the water used to install the casing 
contaminates the pore water below the casing, rendering 
samples immediately below the casing useless for geo
chemical or microbiological characterization. The zone 
of penetration of jetting water could vary widely 
between settings, depending on the hydraulic conductiv
ity of the material, the depth of the water table and the 
length of time required for advancing the casing. An 
additional drawback is that large volumes of water are 
required for wash-boring casing. Providing a water sup
ply can be inconvenient at many sites. Finally, installing 
and recovering casing is a strenuous, time-consuming 
task. 

A new sampler has been developed that can be used 
for collecting high-quality soil cores, without using 
either drilling fluids or a drilling rig. It incorporates a 
pointed end piece that functions both as a drive point 
and as a piston, so the device is known as the drive 
point/piston sampler, or DPPS. 

Description of the Drive Point/Piston 
Sampler 

The major components of the drive point/piston 
sampler are shown in Figure 1. It consists of an alumi
num sample tube, a piston inside the sample tube and 
a rod that controls the piston's motion. Steel casing is 
connected to the top of the sample tube by an adapter 
head, and a drive head is attached to the top of the 
steel casing. Figure 2 shows a short length of sample 
tube that has been cut to reveal the drive point/piston 
assembly, the adapter head and inner rod. 

The sample tube is a length of 51mm (2.0 inch) 
outside-diameter aluminum tubing with a wall thickness 
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Figure L Section through the drive point/piston sampler. 

Figure 2. Short length of sample tube, drive point/piston 
assembly, adapter head, and inner rod. 

of 1.3mm (0.050 inch), and allows a 1.5m (5 foot) long 
sample to be collected. The sample tube contains and 
protects the sample during transport and storage; a 
separate tube is used for each sample. The sample tube 
can be constructed of stainless steel to collect samples 
for analysis for trace organics, and plastic pipe can be 
used for sampling soft materials. 

The piston prevents material from entering the sam
ple tube before sampling and improves sample recovery 
by providing a seal above the sample. The upper part 
of the piston is a mechanical packer, which consists of 
alternating steel and rubber rings and two threaded steel 
nuts. One nut compresses the rubber washers so they 
seal against the inner surface of the sample tube. This 
adjustment allows slight variation in the diameter of 
sample tubes and wear of the rubber rings to be easily 
compensated for in the field. The second nut prevents 
the first from turning and releasing the compression in 
the rubber rings. The bottom of the piston extends 
beyond the sample tube and is pointed so that the samp
ler can be driven through soil without material entering 
the sample tube. 

The adapter head connects the sample tube to the 
outer casing (steel EW flush-joint casing [46mm (1.81 
inch) O.D., 38mm (1.50 inch I.D.)]) so that samples can 
be collected' from well below ground surface without 
having to use long, continuous lengths of pipe. The drive 
head screws into the top of the outer casing. The inner 
rod (steel RW drill rod [28mm (1.09 inch O.D.), 18mm 
(0.72 inch I.D.)]) is inside the outer casing and extends 
from the piston to the drive head. This rod controls the 
motion of the piston. A plug in the top of the inner rod 
prevents damage to the threads. Standard EW casing is 
subject to failure by fracturing near the joints after pro
longed use. Casing with a greater wall thickness over
comes this problem. 

Operation 
Three basic operations are involved in collecting a 

sample with the DPPS. First, the DPPS is driven into 
the soil until the sample tube is at the top of the interval 
to be sampled. Second, the sample tube is advanced 
through the sample interval. Third, the sampler is with
drawn from the ground and the sample tube, with the 
sample inside, is removed from the sampler. 

The sampler is driven into the soil by pounding on 
the drive head with a gasoline-powered jackhammer, 
such as a Cobra (Adas Copco, Stockholm, Sweden) or 
a Pionjar (Berema AB, Solna, Sweden). Pneumatically 
or electrically powered jackhammers or hammer drills 
are reasonable alternatives to gasoline-powered devices. 
As the sampler is driven to the top of a sample interval, 
the threaded plug in the top ofthe inner rod rests against 
the inside of the drive head, keeping the drive point/ 
piston assembly at the bottom of the sample tube. Sec
tions of the inner rod and the outer casing are added 
as the sampler is driven into the soil (Figure 3 a-d). 

After the sampler has been advanced to the top of 
the sample interval, the threaded plug is replaced with 
a threaded fitting attached to a length of steel cable. 
The cable is passed through an additional length of 
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casing and the drive head, and secured to an overhead 
support (Figure 3e). The sample tube is filled with mate
rial from the formation by driving the outer casing and 
sample tube down with the jackhammer, while the cable 
and inner rod hold the piston stationary at the top of 
the sample interval (Figure 3f). 

The sample is recovered by withdrawing the entire 
sampler from the ground using one of several alterna
tives (Figure 3g). The easiest recovery method is pulling 
upward on a shackle attached to the drive head-with 
either a winch or chain hoist supported by scaffolding 
and a beam. Screw jacks can be placed at the ends of 
the beam to provide extra support. An alternative to 
an overhead winch or hoist is a slip ring and a high 
capacity jack, such as a ratchet-lowering jack (Duff-
Norton Mfg. Co., Charlotte, North Carolina), a man
ually operated hydraulic jack, or a manually or electri
cally powered hydraulic cylinder (Enerpac, Butler, Wis
consin). The latter methods are slower and more 
laborious than using an overhead winch or hoist, but 
provide more lifting force and are better suited for use 
where head room is limited. 

The seal provided by the piston at the top of the 
sample helps to keep the sample from falling out of the 
sample tube during this operation. Although the friction 
between the rubber washers and the sample tube is great 
enough to prevent the piston from sliding down during 
withdrawal, an internal rod holder can be used to pro
vide extra security against downward movement of the 
piston. 

After the sampler has been removed from the core-
hole, the sample tube is cut just below the drive point/ 
piston. A new core tube is attached to the adapter head 
and the sampler is reassembled, placed back into die 
same corehole and driven to the top of the next sample 
interval. Boreholes in cohesionless materials usually col
lapse below the water table as the sampler is withdrawn. 
This does not present a problem, as the DPPS is merely 
driven through the collapsed material to the top of the 
next sample interval. This capability eliminates the 
requirement for casing or drilling fluid for stabilizing 
the borehole. 

There are several options for processing the sample 
tube after it is removed from the DPPS. The ends can 
be sealed with tight-fitting, low-density polyethylene 
caps, which are available from electrical, plumbing or 
industrial suppliers. Disks of Teflon® or other material 
can be placed inside the caps to minimize contact 
between the polyethylene caps and the core sample, if 
desired. The ends can be further sealed with duct tape 
and wax prior to shipment to the laboratory for further 
analysis. Aseptic subsamples can be collected in the lab 
or field using an apparatus such as that described by 
Wilson et al. (1983). In the lab or field, the sample tube 
can be cut into lengths using ordinary tubing cutters, or 

ksplit longitudinally to observe the stratigraphy. Core 
'tubes are split using a circular saw equipped with a 
carbide-tipped blade and a simple plywood jig that holds 
the sample tube and guides the saw. An experienced 
operator can split a 1.5m core in approximately five 
minutes. 
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Figure 3. Sampling procedure: (a) Assemble the sampler; (b) 
Drive it into the ground; (c) Add outer casing and inner rod; 
(d) Drive the sampler to tbe top of the sample interval; (e) 
Attach cable to the inner rod, add outer casing, and secure the 
cable overhead; (f) Drive the sample tube through the sample 
interval; (g) Remove the entire sampler from the corehole. 
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Figure 4. Scaffolding used for coring with the DPPS. 

Scaffolding set up around the corehole is an impor
tant component of the sampling system (Figure 4). The 
top ofthe sampler extends about 2 meters above ground 
surface before it is driven into the ground, and 3 meters 
of scaffolding allow the crew to safely work at that height 
to drive the sampler in. The cable that holds the piston 
at the top of the sample interval is attached to a beam 
on top of the scaffolding, which also supports the winch 
or hoist used to recover the sampler. Scaffolding equip-
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ped with wheels can be easily moved about on a site 
without disassembly. ' 

Applications 
The DPPS is routinely used in studies where high-

quality samples are required. Starr and Gillham (1989) 
geochemically characterized the upper 4 meters of the 
subsurface at two sites using samples collected with an 
early version of the DPPS. Samples collected using pre
viously available samplers would have been inappropri
ate for this study because of the likelihood of sample 
contamination. 

Kueper et al. (1991) used samples collected with the 
DPPS to characterize, on a scale of centimeters, the 
spatial distribution of hydraulic conductivity in a surfi
cial sandy aquifer. Capillary pressure saturation curves 
were measured on these samples to define the relation
ship between hydraulic conductivity and capillary pres
sure for the aquifer. The DPPS was particularly well 
suited for this study because it allowed sample interval 
locations to be accurately determined and because the 
undisturbed nature of the retrieved core allowed accur
ate logging in the field. The core of a dipping, thinly 
bedded fine sand (Figure 5a) illustrates that the DPPS 
causes little mechanical disturbance of sampled mate
rial. Sample recovery in this study ranged from 95 to 
100 percent. 

In a similar application, Grinnel (1991) modified the 
DPPS to collect square cross section core samples. A 
specially designed lab permeameter allowed measure
ment of both horizontal and vertical hydraulic con
ductivity on the same undisturbed core samples. 

The DPPS and ancillary equipment fit easily into a 
half-ton truck, which makes it a highly portable sampling 
tool. It is routinely used for reconnaissance sampling, 
and when the small number of samples required from 
relatively shallow depths does not warrant mobilization 
of a drilling rig to the site. For example, the DPPS was 
used to collect samples for physical and geochemical 
characterization of a site near Mexico City where suita
ble sampling equipment was not readily available (Ru
dolph et al. 1991). The DPPS, a jackhammer, and a small 
jig for fabricating sample tubes were shipped by air to 
the site. Sample tubes were prepared using materials 
purchased at the site, and scaffolding and a chain hoist 
were rented locally. Samples were collected from soft 
lacustrine clay to a depth of 10m (33 feet). One corehole 
was advanced at an angle of 35 degrees from vertical 
to an inclined depth of 11m (36 feet) to intersect vertical 
fractures. This case illustrates that high-quality samples 
can be collected in remote areas by shipping only a 
modest amount of equipment, and in particular without 
having to mobilize a drilling rig. 

Pitre (personal communication. University of Water
loo, 1991) used the same inclined coring technique for 
collecting samples of soft lacustrine clay beneath an 
inaccessible location. Coreholes were started beside a 
sewage canal near Mexico City and angled 30 degrees 
from vertical so that samples were collected from be
neath the canal itself. Coreholes were advanced to an 
inclined depth of 15.2m (50 feet). Vertical coreholes 

Figure 5. Core, collected with the DPPS (longitudinally split 
for observation) (a) Thinly bedded, dipping fine sand; (b) 
Gravel interbed in a sand sequence. 

would not have been suitable for collecting samples 
from directly beneath the canal due the practical, aes
thetic, and health limitations of drilling from a platform 
in the middle of a sewage canal, and because coreholes. 
open to the canal could provide conduits for migration 
of poor-quality water into the underlying water supply 
aquifer. The same technique could be used for sampling 
beneath other inaccessible locations. 

A version of the DPPS that was modified to facilitate 
sampling below cased boreholes was used for sampling 
an aquifer that Contained liquid-phase tetrachloroe
thylene. Core samples were divided into 5-centimeter 
depth increments, and tetrachloroethylene saturation 
was determined on aliquoits (Figure 6). Disposable cas
ing was left in each borehole so that coring did not 
create pathways for migration of tetrachloroethylene, a 
DNAPL, deeper into the aquifer. 

Limitations 
The DPPS works well in sands, silts, and soft clays. 

It is not intended for sampling stony materials that may 
deform the sample tubes. However, Figure 5b shows 
that gravelly materials can sometimes be successfully 
sampled. Sample recovery is poor in very stiff clays, 
which do not readily enter the core tube. 

The amount of time required for sampling varies 
from site to site, but the sampling rate decreases with 
increasing depth at all sites. A typical depth limit, based 
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Figure 6. Tetrachloroethylene saturation in core samples from a surficial, sandy aquifer. 
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on sampling rate, is 6 to 9m (20 to 30 feet). Samples 
can be collected from greater depths, but sampling 
becomes more time consuming. The greatest depth 
sampled to date is 18.3m (60 feet). 

Summary 
A new method of collecting samples of sands, silts, 

and soft clays without a drilling rig has been developed. 
The sampler has been routinely used to a depth of 9 me
ters (30 feet), and on occasion to 18 meters (60 feet), 
by a one- or two-person crew. Coreholes can be vertical 
or inclined. Samples jure collected in inexpensive thin-
wall aluminum tubing, and a piston, provides excellent 
sample recovery. Casing is not required to maintain an 
open borehole and drilling fluid is not introduced, mini
mizing the chances of pore water contamination and 
making this technique more convenient than traditional 
sampling methods. Sample disturbance is slight and the 
sample depth interval is precisely known. The sampler 
and ancillary equipment fit into a half-ton truck, making 
it an excellent tool for reconnaissance or working in 
remote sites. Samples obtained with the DPPS are of 
better quality than those commonly obtained with other 
methods because of excellent recovery, minimal 
mechanical disturbance, lack of contamination by for
eign fluids, and the accurately known sample depth 
interval. 
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Soil-Gas Signatures from Volatile Chlorinated 

Solvents :Borden Field Experiments 

Michael 0. Rivett3 

Abstract 

Field experiments have been conducted at the Borden research site to 

evaluate the widely applied soil-gas survey method. In particular, the ability 

of surveys to delineate DNAPL chlorinated solvent sources and associated ground

water plumes has been investigated. Field experiments Indicated that dissolved-

phase plumes from DNAPL pools or residual located about a meter or more below 

the water table are unlikely to be directly detected by soil-gas surveys. Soil-

gas plumes observed at real sites are attributed to volatilization of source 

material in the vadose zone and consequent formation of very shallow interface 

zone ground-water contamination that Is able to partition to the soil gas as it 

transports down gradient. The distribution of DNAPL sources and dissolved-phase 

plumes deeper in the ground-water zone may often bear little resemblance to the 

shallow interface zone ground-water plume above and hence the location of this 

deeper contamination will remain highly difficult to identify by soil-gas 

surveys. Field observations are confirmed with simple analytical 1-D diffusion 

modeling and the implications of the results to the practice of soil-gas surveys 

at contaminated sites indicated. 

Introduction 

Contamination of ground water by volatile organic compounds (VOCs) has 

been apparent for over a decade (Zoeteraann et al., 1981). Due to the expense 

and time consuming nature of conventional ground-water investigations that use 

monitoring wells to locate sources of subsurface contamination, indirect 

reconnaissance methods, such as soil-gas surveys, have, evolved (Lapella and 

Thompson, 1983; Marrin and Thompson, 1984; Spittler et al., 1985). The apparent 

a 

Former Post-Doctoral Fellow of the Waterloo Centre for Groundwater 
Research, University of Waterloo, Waterloo, Ontario, N21. 3G1, Canada. 

1 



reliability of soil-gas surveys to delineate VOC contamination, coupled with 

their rapidity and relative low cost, has contributed to their widespread use. 

Surveys measure VOC concentrations in soil gas that arise from partitioning of 

contaminated water or non-aqueous phase liquid (NAPL) to the vadose zone air. 

They are most commonly used to: (a) delineate source zone locations, i.e. spills 

and leaking tanks or (b) define the approximate extent of ground-water plumes 

(Devitt et al., 1987). The reconnaissance method aids the initial siting, or 

further refinement of monitoring well and soil boring networks. 

Soil-gas surveys often show good success in locating source areas such as 

spill zones, leaking tanks and floating petroleum products (Marrin and Thompson, 

1984; Marrin and Kerfoot, 1988; Bishop et al., 1990). In the above, it is 

probable that LNAPL (light non-aqueous phase liquid) residual and/or high vapor 

concentrations are present in the vadose zone giving high, easily detectable, 

soil-gas signatures. However, it is apparent that many aquifers have become 

contaminated by the dissolution of DNAPLs (dense non-aqueous phase liquids) that 

may reside below the water table (Mackay and Cherry, 1989; Mercer and Cohen, 

1990). The viability of using surveys to delineate sub-water table DNAPL 

sources and associated ground-water plumes is very uncertain. As stated by 

Marrin (1988), considerable subjective interpretation ultimately goes into 

approximating ground-water plume boundaries or selecting potential monitoring 

well locations from soil-gas data. He further indicates that soil-gas data may 

be prone to misinterpretation and, as emphasised by Reisinger et al. (1987), 

caution should be exercised when using soil gas to infer the status of 

contamination below the water table. 

In spite of the above reservations, many site investigations suggest that 

soil-gas surveys may effectively track ground-water plumes (Malley et al., 1985; 

Marrin and Thompson, 1987; Moseley and Meyer, 1992). Contaminated ground water 

Is generally found at locations showing soil-gas contamination and the spatial 

extent of soil-gas and ground-water plumes can show reasonable agreement (Devitt 

et al., 1987). Such effective ground-water plume delineation, would suggest 

that transfer of VOCs from shallow contaminated ground water to soil gas does 

occur. However, it is uncertain as to how deep below the water table the soil-

gas technique may "see" contamination. Very weak transverse vertical dispersion 

of plumes observed in tracer tests (Mackay et al., 1986; LeBlanc et al.,1991), 

suggests that DNAPL zones or dissolved plumes, even relatively short distances 

below the water table, should give weak, if any, soil-gas signature and remain 

undetected. It is also possible that soil-gas plumes extending down gradient 

of sources may be indirectly derived from volatilization of vadose zone sources, 

rather than dissolution of ground-water zone sources. Vapors from residual NAPL 



present in the vadose zone may contaminate the capillary fringe and shallow 

ground water (Schwille. 1988; Mendoza and McAlary, 1989; Sleep and Sykes, 1989; 

Conant et al., in prep.). Transport and repartItioning of the so formed 

"interface zone" ground-water plumes, produced by essentially vadose zone 

sources, may be responsible for down gradient soil-gas plumes, rather than 

upward transport of VOCs from dissolved-phase plumes located deeper in the 

ground-water zone. 

It is important to discern the origins of VOCs in soil gas when using 

surveys to interpret the nature and extent of subsurface contamination. 

Multiplicity of sources and sparsity of ground-water data at sites usually makes 

understanding of processes and discernment of soil-gas origins difficult. 

Because erroneous and unambiguous conclusions may be easily drawn, field 

experiments have been conducted, using purposely installed DNAPL residual 

chlorinated solvent sources. The work aimed to address some of the above issues 

by providing a more simplified representation of scenarios believed common at 

contaminated sites. Goals of the research are Itemized below. 

1). Provide detailed field observations of soil-gas plumes (signatures) that 

develop from various types of subsurface contamination, in particular DNAPL 

sources. 

2). Evaluate contaminant transport processes that influenced soil-gas plume 

formation in the field experiments. 

3). Develop a conceptual model to be used as a basis to assess the 

effectiveness and limitations of soil-gas surveys as a reconnaissance tool at 

real contaminated sites. 

Although the paper focuses upon soil-gas behavior from DNAPL source zones, 

some conclusions drawn may equally apply to LNAPL or dissolved-phase contaminant 

spills. It is acknowledged that some of the above goals, for example goal 2, 

may be better addressed through more detailed field vertical profile studies 

(Barber et al., 1990) or laboratory studies (McCarthy and Johnson, 1993), rather 

than the "field-oriented" approach adopted here. In general, it was hoped that 

this field demonstration would provide a more tangible appreciation of ground 

water-soil gas interactions and lead to improved interpretation of soil-gas 

survey data. 

Site Details 

Field experiments were conducted at the CFB Borden Research Site 

(Ontario), that has previously hosted many ground-water contaminant transport 

studies (Mackay et al., 1986; Sutton and Barker, 1985). Soil-gas studies were 



conducted at two separate experimental areas located about 200 m apart. The 

sites are referred to as. the "Emplaced Source Site" (ES Site) and the "Vapor 

Transport Site" (VT Site) and are shown in Figure 1. 

The unconfined sand aquifer has a saturated thickness of about 8 m, the 

lower 2 m of which contains a leachate plume from a nearby domestic waste 

landfill. Experiments were performed in the overlying contaminant free ground

water and vadose zones. Vadose zone thickness varies between 2 to 3 m at the 

ES Site and 3 to 6 m at the VT Site. Annual water table fluctuation is about 

80 cm with the majority of recharge occurring in the early spring. Aquifer 

deposits are comprised of stratified medium-grained to fine-grained sand with 

occasional, 1 to 5 cm scale, coarse sand and gravel, as well as fine silty clay 

horizons. The aquifer is relatively homogeneous compared to most, with 

hydraulic conductivity values generally within a factor of 3 of the mean 

6.34xio"3 cm/s value (ES Site). Ground cover is of a grassed or light forested 

nature with a thin, 20 cm, soil horizon. The ES Site has a mean ground-water 

velocity of 8.5 cm/day, a gradient of 0.51% and porosity of 33%. Sorption of 

hydrophobic organics is expected to be low based on a low fractional organic 

carbon (fQC) of 0.035% (ES Site). Similar properties are found at the VT Site 

(Hughes. 1991; Hughes et al.. 1992). 

Experimental Setup and Monitoring 

This study utilized areas of contamination established during research 

experiments in which immiscible-phase chlorinated solvent sources were placed 

in the subsurface. Contaminant source zones were artificial in nature and 

consisted of regular shaped zones of homogeneously distributed DNAPL residual. 

The purposely installed source zones were located below the water table at the 

ES Site and above the water table at the VT Site. Sources were used to study 

various aspects of contaminant transport behavior; the soil-gas survey studies, 

reported here, represent a small portion of the research conducted at the sites. 

Other research at the ES Site focused upon ground-water zone contaminant 

transport and remediation, an overview of this work is given by Rivett et al., 

(1994 and in prep.). The VT Site was initially used by Hughes et al. (1992) to 

study migration of vapors from a DNAPL source and subsequently the formation and 

remediation of an interface zone ground-water plume derived from the source 

(Conant et al., in prep.). Evaluation of soil-gas surveys was not included in 

the initial research program for the VT Site, but at a later date pursued as an 

opportunistic research venture. The chronology of experiments, sampling events 

and site remedial activities performed at the two sites is indicated in Figure 



2 and discussed in the sections below. Properties of the chemicals used at the 

sites are listed in Table 1. All are volatile DNAPL chlorinated solvents and 

are among the most commonly encountered ground-water contaminants (Plumb, 1985). 

Their volatility, low sorptive potential and resistance to degradation suggest 

that they would be excellent soil-gas tracers (Marrin, 1988). 

ES S i t e 

The ES Site contained only one DNAPL source zone. This was installed in 

October 1989 and remained in place throughout and beyond the study period. This 

source was emplaced below the water table (Figure 3a) and contained sand mixed 

with an immiscible-phase blend of chlorinated solvents, fabricated as a block 

measuring 1 m high, 1.5 m wide and 0.5 m in thickness. The residual solvent 

saturation of the pore space was 5% and comprised 6% TCM (trichloromethane or 

chloroform), 39% TCE (trichloroethylene) and 55% PCE (perchloroethylene) for a 

total of 14.8 L solvent. Solvent dissolution is slow, hence flow of ground 

water through the ES Source over time produced continuous dissolved-phase plumes 

In the aquifer down gradient. The saturated aquifer thickness above the source 

varied between 0.9 and 1.7 m due to seasonal water table fluctuations. Although 

the natural aquifer, in particular any layering of sands, was perturbed by the 

source installation process, effects on contaminant transport processes were 

minimised by return of native sand to the excavated zone. The ES Site scenario, 

i.e. a DNAPL source zone localised some distance below the water table, would 

not typically occur at real spill sites where DNAPL would likely start from 

ground surface and migrate downward. The simplified experiment scenario, 

however, permits greater potential to examine soil-gas behavior than possible 

at real sites. 

Ground-water and soil-gas monitoring at the ES Site was spatially 

intensive (Figure la). Soil-gas samples were obtained from arrays of 83 probes 

at 2 m depth below ground, 45 probes at 0.5 m depth, as well as 5 depth profiles 

(Figure la). Dynamic (grab) soil-gas sampling was performed with soil-gas 

samples being immediately analyzed on site following their collection (Marrin 

and Thompson, 1987). Probes were manually driven, 6.4 mm diameter, stainless 

steel pipe fitted with disposable "drive-point" tips. A peristaltic suction 

pump was used to purge the probes and the gas stream within the probe 

subsequently sampled by a GC syringe and immediately analyzed using a Varian 

3400 GC-ECD. Detection limit for TCE was about 0.001 pg/l (at 10 °C) , which is 

equivalent to 0.2 ppbv. This detection limit is typical of the more sensitive 

soil-gas surveys performed at real sites. Four soil gas sampling events were 



performed in the period 280 to 550 days after source emplacement (Figure 2). 

A total of 173 Teflon multilevel piezometers, the majority containing 14 

sampling points with 30 cm vertical spacing, permitted three dimensional ground

water monitoring. Although many ground-water monitoring episodes were 

conducted, only data obtained from the major sampling round at 322 days (Figure 

2) are used in this study. Further details of the dissolved plume monitoring 

is given by Rivett et al. (in prep.). Ground-water samples were collected via 

a sampling manifold and analyzed by liquid-liquid pentane extraction with GC-ECD 

to a detection, limit of about 1 pg/L. 

VT S i t e 

Although the VT site contained a number of temporary sources, those of 

most relevance to this study are the two residual TCE sources used by Hughes et 

al. (1992) to evaluate vapor migration in the vadose zone over a region 

extending up to 10 m from the source. These sources were installed at the same 

location and were in place for periods of just 28 and 90 days. This source 

location is hence referred to as the Vapor Transport (VT) Source. The VT Source 

installation procedure and results of the vapor migration study are presented 

in detail by Hughes (1991) and overviewed by Hughes et al. (1992). In contrast 

to the ES Source, the VT Source was located above the water table, as 

illustrated in Figure 3b. The source contained sand mixed with residual 

immiscible-phase TCE and was fabricated as a cylinder measuring 0.8 m high and 

1.2 m diameter. It contained 40 L of TCE at a pore space residual saturation 

of about 13% and was located between 2.5 and 3.5 m above the seasonally variable 

water table. The source zone was covered with a synthetic membrane to prevent 

direct infiltration of water through the source. After the vapor transport 

experiments and excavation of the VT source, the area within about a 10 m radius 

was treated by soil vapor extraction for a period of 4 months (Figure 2). Other 

temporary DNAPL sources were also created at the VT Site within the area 

encompassed by the soil-gas survey (Figure lb). These Included two experimental 

spill releases of 6 L of PCE, that were subsequently excavated from the vadose 

zone (Poulsen and Kueper, 1992). A pilot soil vapor extraction study area, that 

used TCE during 1989, may also have resulted in the release of vapors to the 

vadose zone. 

The presented soil-gas survey and ground-water data were collected 400 

days after removal of the VT Source. The survey extended over a much greater 

area (Figure lb) than the monitoring conducted in the original vapor transport 

experiment by Hughes et al. (1992). The ground-water data are drawn from Conant 



et al. (in prep.), who provide a more detailed evaluation of the ground-water 

contamination present at the VT Site. Similar monitoring to that performed at 

the ES Site was used at the VT Site, but at a less detailed scale (Figure lb). 

A total of 51 soil-gas probes extending 2 m below ground surface, in addition 

to one soil-gas depth profile, were sampled. Ground water was sampled at 52 

locations using multilevel piezometers, or narrow diameter short screen wells. 

Signatures From Gr.ound-Water Sources and Plumes (ES Site) 

Investigation of soil-gas signatures from sources and plumes located below 

the water table is provided by the ES Site data. Unfortunately, during the 

installation of the ES Site experiment, trace amounts of source mixture, i.e., 

sand containing immiscible solvents, were inadvertently introduced above the 

source zone. Early time monitoring of ground water (Rivett et al., in prep.) 

suggested that initial conditions consisted of a well defined source zone of 

residual DNAPL below the water table (Figure 3a), with a heterogeneous 

"sprinkling" of droplets of spilt trace residual DNAPL above, enriched in PCE 

and TCE relative to TCM. Spilt residual was believed to occupy ground-water and 

vadose zones and reside predominantly to the east of the source, toward the 

source mixing location at the ground surface about 6 m away. Monitoring of 

ground water 1 m down gradient of the source Indicated that dissolved-phase 

contamination was already present between the top of the source zone and the 

water table at early time, as a result of the spillage during installation. 

Hence, in this experiment, soil-gas plumes may originate from: (a) transport of 

the dissolved-phase contamination from the DNAPL source zone upward through the 

capillary fringe; or (b) vaporisation or dissolution of spilt solvent 

contaminated sand residing in zones other than the source. Although the 

experiment was designed to evaluate whether process (a) was occurring, results 

below suggest that most, if not all, of the soil-gas observed was due to process 

(b). 

Figure 4 shows TCM, TCE and PCE soil-gas and ground-water plumes 

approximately 300 days after source emplacement. Ground-water plumes represent 

maximum concentrations in the zone 1-2 m below the water table and soil-gas 

plumes indicate concentrations about 0.7 m above the water table. Longitudinal 

profiles along the ground-water plumes are also shown in Figure 5. Very low 

concentration soil-gas plumes are approximately centred around the source and 

extend in the direction of ground-water flow. Since advective gas flow in a 

specific direction, due to say temperature or pressure gradients was unlikely, 

the down gradient elongation of soil gas plumes implied that shallow ground-



water solutes had partitioned to the soil gas. Indeed, the extent of the soil-

gas profiles down gradient show good agreement with the extent of near water 

table contamination (Figure 5). It is difficult to establish with certainty the 

origin of the ground-water contamination close to the water table, however the 

configuration of the plumes suggest that It is predominantly due to the 

dissolution of spilt residual DNAPL in the 96.5 to 97.0 m elevation zone above 

the source and not vertical transport of the plume from the defined DNAPL source 

zone. The impact of residual DNAPL spilt above the water table is indicated by 

the presence of up gradient soil-gas contamination and the lobes of soil-gas 

contamination to the east, that centre around the original source mixing area 

about 6 m away. The magnitude and areal extent of soil-gas signatures declined 

In the order PCE > TCE > TCM. This order is the reverse of the extent of the 

ground-water plumes, whose mobility is a reflection of their relative sorption 

potential to the aquifer (Table 1). As gas phase diffusion coefficients are 

similar for each chemical, other parameters in Table 1 control the extent of 

soil-gas plumes such as, sorption to solids (proportional to K ) , Henry's Law 

water-air partitioning (Hc), or vapor pressures {Py), if spilt residual in the 

vadose zone Is the source. The observed order of mobility of the soil-gas 

plumes and relative order of chemical properties suggest that sorption to 

aquifer solids is of minor importance and that Henry's water-air.partitioning 

and volatilisation from spilt solvent residual (expected to be predominantly 

PCE. with some TCE and very little TCM) are the controlling factors. The 

relative order of mobility of the soil-gas plumes combined with Its spatial 

location suggests that the soil-gas plumes are derived from the trace amounts 

of spilt DNAPL. 

Figures 4 and 5 do not indicate that the soil-gas plumes originated from 

vertical transport of the dissolved-phase plume emanating from the DNAPL source 

zone. Since the site is located in a recharge area, ground-water streamlines 

were expected to be horizontal; to slightly dipping and thus significant vertical 

solute dispersion was necessary for dissolved solutes from the DNAPL source to 

be transported to the soil gas. The combination of advective and dispersive 

transport should have caused soil-gas plumes to be centred some distance down 

gradient of the source, rather than at the source as observed. Also, TCM is the 

most mobile ground-water zone solute and PCE the least mobile, due to their 

relative sorption and diffusion properties. Hence, if concentrations at the 

water table interface were due to vertical dispersion of the DNAPL source plume, 

one would expect the order of contamination to be TCM > TCE > PCE, which is the 

reverse to that observed (Figure 5). Minimal movement of the 1000 pg/L 

dissolved plume contours up toward the water table; discontinuity of 



concentrations above the source top elevation; the appearance of plumes 

emanating from above the source zone (particularly at the 96.5 to 97 in 

elevation); and the inability to trace contours of the most mobile solute, TCM, 

from the source to the water table suggests that the near water table 

contamination, and hence soil-gas plumes, do not originate from the DNAPL source 

zone. 

It is concluded that soil-gas plumes developed as a result of the spilt 

DNAPL; had spillage not occurred, it is probable that no soil-gas plumes would 

have been detected. Migration of soil-gas plumes down gradient Indicated that 

when ground-water solutes were sufficiently close to the water table, then 

vertical transport,over limited saturated distances may occur to yield soil-gas 

contamination. It is proposed that solutes dissolved from spilt residual DNAPL 

located just below the water table, have a sufficient vertical component of flow 

to reach the water-air interface during their down gradient transport in the 

ground-water zone. Such vertical dispersive transport arises from mechanical 

mixing and diffusion processes; the times and distances over which this 

transport may be effective is considered later. Plume configurations in Figure 

5 suggested insufficient time had elapsed for soil-gas plumes to be directly 

observed from the vertical transport of solutes from a DNAPL source about 1 m 

below the water table. In fact, temporal monitoring of PCE soil-gas (Figure 6) , 

indicated an approximate order of magnitude concentration decline between 285 

and 550 days. Although temporal changes of Infiltration may be expected to 

cause variation in soil-gas concentrations and fluxes (Ong et al., 1992), the 

observed decrease is probably due to depletion of the spilt DNAPL present In the 

vadose zone with time. Longer times for vertical transport do not guarantee 

that soil-gas will eventually be detected, since continual accretion of recharge 

from above will increase the effective transport distance through ground water 

to the water-air Interface with time. 

Signatures From Interface Zone Plumes (VT Site) v 

Investigation of soil-gas signatures from "interface zone" plumes is 

provided by the VT Site data. The "interface zone" is defined to include the 

upper ground-water zone in close proximity to the water table, the fully 

saturated capillary fringe and the transition zone to residual water saturation. 

A TCE ground-water plume was formed in the interface zone as a result of the VT 

Source used by Hughes et al. (1992) in their vapor transport experiments. 

Hughes (1991) indicates that TCE vapor concentrations emitted from the vadose 

zone DNAPL source approached saturation (260 mg/L at 10°C) and that after 40 



days, concentrations up to 180 pg/L had migrated almost 10 m radially about the 

source. Ground water below the vapor plume was believed to have become 

contaminated by: diffusive transport and partitioning into the water in the 

capillary fringe; vapor partitioning to infiltration subsequently incorporated 

into the interface zone and rising ground-water levels into vapor contaminated 

vadose zone strata (Conant et al., in prep.). Formation of interface zone 

ground-water plumes by volatilization of vadose zone sources has been described 

by Schwille (1988) and modeled by Mendoza and McAlary (1989) and Sleep and Sykes 

(1989). The interface zone plume at the VT Site resulted from the 

volatilization of temporary TCE sources, present in the vadose zone for periods 

of just 28 and 90 days. A detailed discussion of the formation and significance 

of this interface zone ground-water plume is provided by Conant et al. (in 

prep.). 

Soil-gas and ground-water plumes at the VT Site, 400 days after removal 

of the DNAPL sources, are shown in Figure 7. The ground-water plume was 

generally within about a meter of the water table (i.e., an Interface zone 

plume) and extended over 100 m down gradient. The' peak TCE concentration from 

the second vapor transport experiment was located 25 to 80 m down gradient of 

the original VT Source location and approached 10.000 pg/L. The 100 ug/L 

contour at 100 m is believed to be the tailing edge of the pulse from the first 

experiment (monitoring further down gradient was prevented by buildings). The 

much greater width of the interface zone ground-water plume, compared to the 

original VT Source width (20 to 35 m compared to 1.2 m), is attributed to the 

radial diffusion of vapors from the DNAPL source forming extensive contamination 

transverse to the ground-water flow direction (Conant et al., in prep). The 

lobe and some concentrations on the east side of the interface zone plume, may 

perhaps be attributed to TCE vapors from the pilot soil vapor extraction 

experiments, however, this is believed to be a minor TCE source relative to the 

VT Source used in the vapor transport experiments. 

The soil-gas plume showed good spatial correlation with the interface zone 

ground-water plume. TCE in the soil gas exceeded 0.1 pg/L over much of the site 

and even extended 100 m down gradient of the original source. This Is in 

contrast to the ES Site where TCE values in excess of 0.1 pg/L were only 

detected within 5 m of the DNAPL source zone. The plan survey showed a maximum 

soil-gas value of 5 pg/L close to the previous location of the vapor transport 

sources, despite removal of residual DNAPL sources by excavation over 400 days 

previous and soil vapor extraction.of the immediate area for 4 months following 

excavation. A soil-gas maximum also coincided with the location of peak ground

water contamination, about 70 m down gradient. Figure 7 shows concentrations 

10 



at this point rising with depth to 22 pg/L at 0.7 m above the water table; 

similar concentration Increases with depth may be anticipated elsewhere. The 

good spatial correlation between the soii-gas and interface ground-water plumes 

is shown by the excellent agreement of soil-gas and ground-water boundaries up 

gradient of the source and along the west plume boundary (Figure 7). Further, 

the ground-water concentration low at 90 m down gradient is .also reflected in 

the overlying soil-gas plume. Discrepancies along the east plume boundary may 

perhaps be partly explained by vapors from the pilot soil vapor extraction site. 

The development of the soil-gas plume down gradient is unlikely to be due 

to lateral gas migration from subsurface pressure gradients. There is little 

reason for such a pronounced directional pressure gradient. In addition, Hughes 

(1991) Indicated that the initial migration of vapors from the DNAPL source was 

radially symmetric. Instead, the development of high soil-gas concentrations 

and closely correlated plumes down gradient is attributed to the continued 

partitioning between the TCE interface zone plume and the soil gas. Initially 

vapors extending radially from the DNAPL source were incorporated into the 

capillary fringe water via simple vapor-water contact or perhaps partitioning 

into infiltration. TCE within the capillary fringe may be incorporated to the 

more mobile, deeper, ground water via diffusion or accretion of recharge above 

(Conant et al., in prep.). The development of soil-gas plumes far down gradient 

indicates that contaminated mobile ground water was sufficiently close to the 

air-water interface to transfer back across the capillary fringe via diffusion, 

mechanical mixing and water table fluctuation mechanisms during its down 

gradient transport. With Increasing time and travel distance, accumulation of 

recharge may cause a freshwater lens to develop over the ground-water plume that 

may attain sufficient thickness to inhibit partitioning to soil gas. However, 

repetitive partitioning of interface zone TCE to soil gas and subsequent re

incorporation into infiltration water is expected to hinder development of a 

fresh water lens and cause interface zone plumes, and hence soil-gas plumes, to 

persist substantial distances down gradient of sources. 

In conclusion, previous work at the VT Site (Hughes, 1991; Hughes et al., 

1992; Conant et al., in prep.) has shown that vapor transport from vadose zone 

DNAPL sources can create significant interface zone groupd-water plumes. Such 

plumes are wide relative to the vadose zone DNAPL source and may extend far down 

gradient. The plumes are thin, but may have relatively high concentrations. 

The soil-gas work performed here, in conjunction with the above, indicates that 

such vadose zone sources and Interface zone ground-water plumes, are easily 

delineated by soil-gas surveys. Their easy detection is attributed to the close 

proximity of interface plumes to the vadose zone, the extensive lateral nature 
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of these plumes and the high vapor concentrations initially emitted from the 

vadose zone DNAPL source material. 

Other Important Field Observations 

During the research, some other important field observations have been 

made that are relevant to soil-gas survey techniques and are briefly discussed 

below. 

Infiltration of VOC contaminated water through the vadose zone may produce 

soil-gas concentrations due to water-air partitioning. Figure 8a shows TCE 

soil-gas concentrations at the ES Site about 100 days after the accidental 

spillage of contaminated water associated with operation of the ground-water 

pump-and-treat system. The spill comprised 300 L of water containing TCE at 

about 1000 pg/L. A soil-gas plume developed on the west side of the site, down 

gradient of the pump-and-treat treatment facility where the spill occurred, and 

was distinct from the soil-gas plume originating from the experimental DNAPL 

source zone. Soil-gas concentrations from the water spillage are significantly 

greater than those observed over the highly concentrated sub-water table plume 

down gradient of the DNAPL source. 

Although soil-gas surveys are usually conducted prior to Installation of 

ground-water monitoring wells, this is not always the case. This study has also 

found that previous well Installations may cause confusing or anomalous soil-gas 

concentrations to result. Smearing of contaminated auger cuttings in the vadose 

zone, during installation of remediation wells in the concentrated ground-water 

plume at the ES Site, proved to be a source of localized soil-gas contamination. 

The small zone of contamination 25 m down gradient of the source zone in Figure 

8a resulted from a well installation at that location 5 months previous; shortly 

after installation concentrations had been over 0.2 pg/L TCE. In addition, 

extremely high TCE soil-gas contamination at 200 pg/L was initially detected 

after installation of a well just down gradient of the DNAPL source. Figure 8a, 

sampled 5 months later, indicates this contamination had since declined to 0.6 

pg/L, illustrating that high concentrations were relatively temporary, 

presumably due to the limited amount of displaced contaminated sand and water 

involved. 

Data indicated that the soil-gas technique was so sensitive that it may 

still delineate the location of original source zones, even after these zones 

have been "remediated". This was previously illustrated by Figure 7, in which 

the TCE soil-gas plume accurately delineated the original location of the VT 

Source zone in spite of its removal and soil vapor extraction of the area. A 
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further example is provided by the PCE soil-gas plumes delineated at the VT Site 

(Figure 8b) that precisely located the position used for the two 6 L releases 

of PCE used by Poulsen and Kueper (1992) in their vadose zone experiments. This 

delineation is remarkable as the spill site was completely excavated and all 

residual DNAPL removed over 450 days previous. The soil-gas contamination is 

attributed to vapor migration from residual PCE present during the 3 month 

period over which excavation of the spill proceeded. 

Comparison of Soil-Gas Signatures 

The relative potential of various sources and associated plumes to be 

delineated by soil-gas,surveys may be illustrated by comparison of the TCE soil-

gas plumes in Figures 7 and 8a (note different scales). The Interface zone 

ground-water plume (Figure 7), formed from the presence of a small 0.9 m volume 

of residual TCE in the vadose zone for a total of about 100 days, had by far the 

greatest potential to form extensive soil gas plumes. If remediation of the 

original source zone had not occurred, or the source had been left to volatilize 

over several years (as at real sites), interface and soil-gas plumes would have 

been even larger and at higher concentration. At the other extreme, Figure 8a 

shows that the ES Site continuing DNAPL source, located about 1 m below the 

water table, had caused negligible soil-gas contamination after 550 days. Soil-

gas above 0.01 pg/L covered an area of 80 m (compared to 4,000 m at the VT 

Site), most of which, if not all, originated from spilt DNAPL, rather than the 

actual ES Source zone. In all probability, such soil-gas contamination at real 

sites, if located, would be interpreted to be insignificant. Infiltration of 

VOC contaminated water (Figure 8a) may cause soil-gas plumes of intermediate 

character, their extent primarily dependent upon the volume spilt and 

concentrations present. Even small leakages, from perhaps sewers, may cause 

greater soil-gas signatures than DNAPL located only short distances below the 

water table. 

The contrast in soil-gas signatures from various sources is also 

illustrated by TCE depth profiles in Figure 9. Soil-gas concentrations spanned 

7 orders of magnitude, decreasing from the very high values of profile (a) taken 

5 m from the vadose zone DNAPL source (at day 41 of Hughes' (1991) vapor 

transport experiment), through profile (b) associated with the 400 day old 

interface zone plume (i.e. contaminants in the capillary fringe and upper 

ground-water zone), to the weak signature of profile (c) associated with the 

deeper ground-water zone DNAPL source plume. Figure 9, and previous figures, 

suggest that if any residual DNAPL is present In the vadose zone, it may be 
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expected to produce extensive soil-gas contamination that will easily mask 

detection of soil-gas signatures from other sources or plumes short distances 

below the water table, as alluded to by Marrin (1984) and Silka (1988). It Is 

also emphasised that the degree of ground-water contamination may often not be 

related to the degree of soil-gas contamination above. This is highlighted by 

Figure 9c, in which ground-water concentrations 2 m below the water table are 

7 orders of magnitude greater than soil-gas concentrations observed 2 m above 

the water table. Data from five vertical profiles, including Figures 9b and 9c, 

also indicate that field Henry's Law partition coefficients ( H ), calculated 

from adjacent soil-gas and ground-water data points closest to the interface, 

give values generally 2 to 3. orders of magnitude lower than accepted H values 

(Table 1), even when the soil-gas plume directly originates from the ground

water plume. Thompson and Marrin (1987) state that field H values may, at 

best, agree to expected values on an order of magnitude basis. Given the often 

high concentration gradients of vertical profiles and relatively long, 3 m, well 

screens typically used, agreement of field H values with accepted values would 

likely be circumstantial and that most field /rvalues would be meaningless. 

Ground Water - Soil Gas Transfer Modeling 

Simple analytical one-dimensional diffusion modeling is conducted to 

further investigate the production of soil-gas signatures from ground-water zone 

plumes. We aim to confirm the qualitative experimental observations that 

suggest solutes in the Interface zone transfer to the soil gas, whereas solutes 

even just a metre or so below the water table exhibit little potential, to 

transfer. Steady state diffusion modeling of ground water-soil gas transfer has 

been conducted by Swallow and Gschwend (1983) and Barber et al. (1990). More 

rigorous numerical simulation of VOC transfer across the capillary fringe has 

been conducted by McCarthy and Johnson (1993) and Van Vllet (1993). We adopt 

Barber et al.'s (1990) simple approach and approximate the saturated and 

unsaturated zones by a region of two connected domains of differing, but 

uniform, diffusion coefficients with a constant source concentration at the 

lower boundary of the .ground-water domain. Such representation of the 

unsaturated zone is simplistic as vapor diffusion and sorption coefficients are 

a function of water contents, which will vary temporally and spatially (Ong et 

al.,' 1992). However, given that diffusion coefficients in water are generally 

4 orders of magnitude lower than those in air and because we are primarily 

interested in transit times through the saturated zone, more rigorous simulation 

of the vadose zone is unnecessary for the specific objectives of this paper. 
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Diffusion modeling for vertical transport in the saturated zone is justified 

below. 

Transverse vertical ground-water transport is typically represented by a 

dispersion coefficient (£-.) which is comprised of a mechanical and diffusive 

term; 

D„ = D d + D ' =ZV +a„v (1) 

where DJ is the bulk diffusion coefficient, D' is the mechanical dispersion 

coefficient, D* is the free-solution diffusion coefficient, x is the tortuosity, 

a, is the local scale vertical transverse dispersivity and v Is the advective 

pore water velocity. We may further write: 

XV = ^ v = L \ T + a^v (2) 

where A.y is the (field scale) transverse vertical macrodispersivity. Reliable 

estimates of A, are provided by tracer tests at Borden (Rajaram and Gelhar, 

1991) and Cape Cod (Garabedian et al., 1991) that give very low values of 2.2 
-9 2 -mm and 1.5 mm respectively. Rajaram and Gelhar give values of Z>*=2.00 x 10 m s 

, v=0.09 md" and t=0.6 for the Borden bromide data, and calculate a, =1.1 mm. 
- 1 2 - 1 

Substitution of these values into the above gives: £>,=2.35 x 10 ms , D P 1 . 2 0 

-9 2-1 -9 2 -1 

x 10 ms and /> '= 1.15 x 10 m s , and would indicate that the contribution of 

mechanical dispersion to transverse vertical dispersion is on the same order as 

molecular diffusion. Given the uncertainty in determination of A.y, Dg and x, 

a factor of 2 difference between Dty and D^ above is considered small and hence 

the coefficient of transverse dispersion may be approximated to the effective 

diffusion coefficient. Thus for ground-water velocities of at least up to 0.4 

m day (maximum of the above tracer tests), vertical transport of ground-water 

solutes may be adequately represented by the diffusion process alone. 

Steady S t a t e Diffusion Modeling 

Steady state 1-D diffusion profiles are used to provide an indication of 

maximum soil-gas concentrations that may be derived from a specified ground

water zone plume. We use the steady state analytical solution, given by Barber 

et al. (1990) for a constant concentration source boundary (CV, , located at some 

depth (Xy) below the gas-air interface. This solution is based on Pick's Law, 

with equilibrium Henry's Law Constant (H [dimensionless]) partitioning at the 

water-air Interface. Equating fluxes across this interface gives: 
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c * = 
Cv> + 

LAP* 

w o 
(3) 

where C.- i s the gas phase concentration immediately adjacent to the water-air 

interface, L. is the depth of the unsaturated zone, C the gas phase 

concentration near ground surface and Dy and D are water and gas phase 

effective diffusion coefficients respectively. As noted by Barber et al. 

(1990), for //greater than-about 0.01, C, can be approximated to within 10% by: 

c c * > + 

*J>_ 
(4) 

Steady state concentration profiles are linear between end members of each 

medium, and as pointed put by Barber et al.(1990)'are almost independent of //. 

Figure 10 (note log scale) shows steady state modeled values compared with field 

profiles from (a) the VT Site Interface zone plume, 70 m down gradient of the 

original VT source, and (b) 10 m down gradient of the ES Site source. Cg values 

were chosen by equating with various field ground-water concentrations and the 

water-air interface was set at 20 cm above the water table elevation, 

approximating the location of the saturated capillary fringe surface. In spite 

of the model simplicity, modeled profiles, particularly Figure 10a, display 

reasonable agreement with observed soil-gas when C* values are located close to 

the water table. However, steady state profiles from deeper (Lvalues (Figure 

10b) show very poor agreement with ground-water data and greatly over predict 

soil-gas concentrations and would indicate that steady state has not developed 

from such deep source concentrations. It may appear from Figure 10b that some 

field ground-water concentrations have apparently diffused from the deep high 

concentration plume toward the water table, these near water table 

concentrations, although in part may be due to vertical diffusive transport, are 

mostly attributed to dissolution of spilt residual material at these elevations. 

The data suggest that if linear soil-gas profiles indicative of steady 

state are observed at sites, then application of equations (3) or (4) may 

provide an estimate of the magnitude of ground-water concentrations in the 

immediate vicinity of the water table. However, prediction of deeper ground

water quality, even just a meter or so below the air-water interface, is likely 

to be poor. 
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Transient Diffusion Modeling 

Given infinite time, i.e., steady state, sources at any fixed depth below 

the water table will eventually cause some level of soil-gas contamination by 

diffusion. Since steady state may be slow to occur, transient modeling is 

employed to assess whether soil-gas contamination may be observed from ground

water zone sources over realistic time periods. In practice, accretion of 

recharge imposes a downward ground-water velocity at the water table, which may 

continually Increase the effective distance over which diffusion has to occur 

with time. If the upward ground-water diffusion rate does not exceed the 

downward recharge rate, then solutes will not reach the interface to give soil-

gas signatures. Transient analytical modeling is conducted, which although 

Ignoring the continual increase in distance over which diffusion has to occur, 

is still a valuable indicator of typical times required for VOCs to diffuse 

through a fixed length of ground water to the interface. We use a transient 

solution adapted from the diffusion equations of Crank (1975) and Carslaw and 

Jaeger (1959) for a semi-infinite composite medium. The solution assumes that 

the water phase is modeled by a region of effective diffusion coefficient D 

extending from - 1 < x < 0 and the gas phase by a semi-infinite region of 

effective diffusion coefficient D for the region * > 0. Assuming Pick's Law, 

governing equations for gas and water phase concentrations, C. and Cy 

respectively are: 

? C W i dCw 

dx 2 Dw dt 
= 0 -/ < x <0, / >0 (5) 

#Cf - 1 0£L =0 x >0, t >0 (6) 
at2 Dg a 

If we assume continuity of flux and validity of Henry's Law coefficients ( H ) 

at the soil gas-water interface, then: 

Cg = H C W ,' x = 0, t > 0 (8) 

The solution to the problem of zero initial concentration throughout, with the 

lower surface of the water phase, x - - l maintained at constant concentration C„ 

is: 
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Cw = Q]Ta"ierfc 
(2/i + 1)/ 

2pJ 
+ x - aerie (Zn + 1)/ - JC (9) 

C
? = 

2 k H G C ' n 

— • } anerfc 
c n=0 

(2/7 + l)i + k x 

2 ^ . 
(10) 

where a 
He 

4 
(11) 

The solutions are only slightly modified from Crank (1975) with the 

addition of C.-HC , from C.-Cy, at the interface. The results are strictly only 

valid for a semi-infinite gas phase. In reality, they may adequately represent 

real finite bounded soil-gas zones if the gas phase is long relative to the 

water phase. This is not true for the present site and thus simulated and 

actual profiles in the gas phase will differ as the model will not maintain a 

zero concentration at the actual ground surface boundary. However, due to 

water-air diffusion coefficient ratios being of the order of 10 , the solutions 

are expected to reliably predict temporal profiles observed in the ground-water 

zone and soil-gas concentrations immediately above the interface, which are the 

primary Interests of this work. 

Figure 11 shows ground-water zone TCE transient profiles from a source 

located 1.1m below the water-air interface. This depth equates to the minimum 

field observed water thickness between the ES Site DNAPL source top and 

interface, assuming a tension saturated capillary fringe zone of 20 cm. A time 
-6 

of 3 years is Indicated for soil-gas concentrations at 10 Cg to be observed, 

which is equivalent to soil-gas detection limit values of 0.001 pg/L for a Cg 

of 1000 pg/L. or 1 pg/L if Cg is the solubility of TCE. However, the vertical 

downward velocity at the water table due to recharge of 0.4 m.year' estimated 

for Borden by Solomon et al., (1992) and the observed water table rise of 0.8 

m (Figure 3a), suggest effective water thicknesses to transport through are 

greater than that used in Figure 11 and might be toward 1.5 to 2m, by the time 

monitoring at 300 days was conducted. Similar transient simulations for water 

thicknesses of 1.5 m and 2 m, indicate times of 5 and 10 years respectively are 
- f i ' 

required for 10" Cg soil-gas concentrations to be observed. Thus the transient 

modeling indicates soil-gas is unlikely to be detected from the ES Site DNAPL 

source plume over the time-scale of the experiment and would support the 

Interpretation previously made of the field results. 

Figure 12 indicates the calculated times required for sources at various 
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depths below the water-air interface, to give specific soil-gas concentrations 

immediately above that interface. Although values pertaining to TCE and Borden 

are used, the figure may approximate many VOCs and porous media aquifers. For 

sources a few decimeters or less below the interface, times for diffusion across 

this distance are relatively short and detectable soil-gas is likely observed. 

However, times significantly increase with greater depth and since accretion of 

recharge may continually increase the effective thickness over which diffusion 

has to occur with time, solutes may never reach the interface. In many 

climates, the downward velocity imposed by recharge will exceed the diffusion 

rate upwards from sources located at about a meter or more below the water table 

and hence soil-gas signatures will not be observed. Primary exception to the 

above behavior may be anticipated in areas where hydraulic gradients have an 

upward vertical component, i.e. ground-water discharge areas. The potential of 

VOCs previously at depth in ground-water systems to be transferred to soil gas 

is then obviously much greater, however, discharge areas at many sites are 

typically of limited extent. 

Conclusions and Relevance to Real Sites 

Experimental Conclusions 

The field experiments and modeling indicate that ground-water plumes 

originating from sources, such as DNAPL pools or residual, located much below 

the water table are unlikely to give soil-gas signatures due to the weakness of 

vertical transverse transport in the ground-water zone. The downward velocity 

near the water table due to recharge, may of ten be sufficient to prevent ground

water zone solutes partitioning to the soil gas, unless they originate from less 

than about a meter below the air-water interface. These conclusions are in 

agreement with the results of laboratory studies and rigorous numerical 

simulations of VOC transfer between ground water and soil gas by McCarthy and 

Johnson (1993). Strong soil-gas signatures may, however, be derived from DNAPL 

sources in the vadose zone; either directly by vapor transport or Indirectly via 

formation of interface zone ground-water plumes that are sufficiently close to 

the air-water interface for vertical transport to cause soil-gas partitioning. 

The vapor transport mechanism causes radial soil-gas contamination about the 

vadose zone source extending to tens of meters (Silka, 1988; Mendoza and Frind, 

1990; Hughes, 1991), whereas the latter mechanism may cause soil-gas and 

interface zone ground-water plumes to extend far down gradient. Thus, soil-gas 

signatures from vadose zone DNAPL sources and their associated interface zone 

ground-water plumes will predominate and mask any signatures from other ground

water zone plumes; only dissolution of DNAPL in the saturated zone that is 
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within, or very close to, the interface zone may contribute to the soil-gas 

contamination. 

Application to Real Sites 
Multiple sources, aquifer heterogeneity and variable ground cover at real 

sites may lead to complex soil-gas distributions. However, the general 

conclusions above are expected to apply. These conclusions are discussed below 

and are embodied within the conceptual model of soil-gas and ground-water 

contamination from a typical DNAPL spill in Figure 13. The discussion assumes 

that diffusion is the predominant gas phase transport mechanism and advective 

gas flow is negligible. This assumption is often valid, but not always. 

Pressure and temperature gradients may cause advection near subsurface 

structures that provide preferential conduits to the atmosphere, for example, 

basements or high permeability channels (Nazaroffet al., 1987). Density driven 

advection may be important in high permeability media for high vapor 

concentrations of dense solvents (Mendoza and Frind, 1990). Diurnal temperature 

and pressure variations may produce minor vertical piston-type fluctuations in 

soil-gas advection. 

After a DNAPL spill, DNAPL may be fully contained in the vadose zone, or 

else have penetrated the water table to form DNAPL pools below the water table 

as well as leaving a trail of residual along its migration pathway in the vadose 

and ground-water zones (Figure 13; Mercer and Cohen, 1990). Since vadose zone 

sources are primarily responsible for soil-gas and interface zone plume 

formation, both spill scenarios, as they each contain such sources, may be 

anticipated to produce extensive and similar soil-gas and interface zone 

contamination. Due to this similarity, it is impossible to infer from the 

presence of a soil-gas plume whether DNAPL is, or is not, present below the 

water table. For DNAPL spills that penetrate below the water table, dissolved-

phase plumes will Initially emanate from the entire, continuous, vertical 

distribution of DNAPL in the ground water (Figure 13). DNAPL present In, or 

close to, the Interface, zone may produce dissolved-phase contamination that may 

easily partition to the soil gas. Soil-gas contamination derived from vadose 

zone or Interface zone DNAPL may be expected to mask any soil-gas signatures 

that might arise from deeper ground-water zone DNAPL. Complete depletion of the 

DNAPL present in the vadose zone and interface zone, that produces orders of 

magnitude stronger signatures, would be required for discernment of any possible 

soil-gas signature that might arise from any deeper ground-water zone sources 

and plumes. 

Typically, one could reasonably interpret from soil-gas plumes that up 
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gradient maxima are indicative of source locations and that the soil-gas plume 

may approximately define the extent of the very shallow, interface zone ground

water contamination (Figure 13). However, further interpretation of ground

water quality at depths greater than a meter or so is highly subjective as 

direct soil-gas signatures are likely not observed. The spatial distribution 

of deeper ground-water plumes and sources may differ substantially from the 

soil-gas distribution or shallow interface zone ground-water contamination. For 

example, aquifer heterogeneity may cause deeper plumes to migrate substantially 

greater distances than the interface (and soil-gas) plume if they are located 

in more conductive horizons. Layered strata may also cause substantial lateral 

migration of DNAPL from the site of spillage. Soil-gas monitoring would 

probably Indicate the spill point, but fail to detect the extent of the lateral 

DNAPL migration and any associated dissolved-phase plumes. 

The plan views in Figure 13 illustrate that the discrepancy in plume 

widths may cause a further problem in delineating ground-water contamination at 

depth from soil-gas plume data. Let us consider a hypothetical spill in which 

the plan cross sectional area of residual DNAPL source is constant with depth. 

Soil-gas and interface zone plumes will be tens of meters wider than the source 

zone, due to vapor transport lateral to the ground-water flow direction; whereas 

deeper ground-water plumes will be not much wider than the DNAPL source zone, 

due to the weakness of transverse horizontal dispersion (Anderson et al., 1992). 

Such soil-gas contamination over wide areas is typical of many sites (Marrin and 

Thompson, 1987; Devitt et al., 1987 and Bishop et al., 1990) and is predicted 

by the vapor migration studies of Mendoza and Frind (1990) and Hughes (1991). 

Although deeper, and probably higher concentration, ground-water plumes may 

often underlie soil-gas and interface zone plumes, the absence of direct soil-

gas signatures and anticipated narrow plume widths that may be derived from the 

dissolution of discrete "stringers" of DNAPL residual (Anderson et al., 1992), 

would make location of such plumes highly difficult. Nevertheless, the location 

of maximum soil-gas and interface zone ground-water contamination that occurs 

close to the source zone and will migrate directly down hydraulic gradient may 

assist delineation of deeper plumes. In a relatively homogeneous aquifer, DNAPL 

sources and narrow dissolved plumes in the ground-water zone may be expected to 

directly underlie the maxima in the soil-gas and interface zone ground-water 

plumes, generated from vadose zone and interface zone DNAPL. Thus, although 

deep ground-water zone,DNAPL sources and dissolved plumes do not give soil-gas 

signatures, their location might possibly be inferred from locations of maxima 

in detailed soil-gas transects perpendicular to the ground-water flow direction. 

However, temporal changes in ground-water flow, as well as DNAPL sources being 
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laterally displaced away from the original spill zone in more heterogeneous 

aquifers, may prevent the above reasoning from being a useful guide to locate 

deeper ground-water plumes. 

The inability of soil-gas surveys to see far below the water table and 

practical constraints at most sites, that impose relatively wide spacing of 

ground-water monitoring wells, would cause deep ground-water zone plumes and 

sources to easily evade delineation. Conversely, shallow interface zone ground

water plumes, formed from vapors, may be relatively widespread and of 

significant vertical thickness. If appreciable water table rises into vapor 

contaminated strata have occurred and easily detected by soil-gas surveys and 

subsequent ground-water monitoring. In general, observations at real sites of 

wide and extensive soil-gas plumes; relatively wide, low concentration ground

water plumes and the apparent absence of DNAPL or highly concentrated plumes 

would lend support to the above conceptualisations. 

Although the research focused primarily upon DNAPLs, some conclusions may 

apply to the delineation of sources and plumes associated with spills of LNAPL 

or aqueous phase material by soil-gas surveys. The generation of soil-gas and 

ground-water plumes from such spills is expected to be similar to that produced 

by a DNAPL spill that fails to penetrate below the water table. A wide soil-gas 

and interface zone plume may be anticipated similar to the upper two plan 

sections in Figure 13. Indeed, as LNAPLs have a much greater potential to 

spread laterally at the water table, plumes that develop may be much wider than 

those associated with vadose zone DNAPL sources. The physical restriction of 

LNAPL and aqueous spill source material to the vadose zone and shallow ground

water zone also makes detection of contamination associated with such spills 

much more amenable to soil-gas techniques: From physical transport 

considerations one may anticipate relatively good agreement between the spatial 

extent of LNAPL derived soil-gas and ground-water plumes. However, many LNAPL 

compounds are degraded aerobically and since the potential for degradation is 

spatially variable, poor agreement of plumes may occur in practice. 

Temporal Effects a t Real S i tes 

With time, depletion of the vadose zone DNAPL occurs and the generation 

of soil-gas plumes and interface zone ground-water plumes may decline. The rate 

of decline depends on compound physical properties, in addition to site 

considerations such as the quantity and spatial distribution of source material, 

aquifer heterogeneity and thickness of the vadose zone and ground cover 

permeability. The sensitivity of source longevity and vapor plume extent to 

some of these factors has been indicated by the numerical modeling studies of 
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Mendoza and Frind (1990). Often, DNAPL volatilization and desorption from vapor 

contaminated strata will be sufficiently slow that soil-gas surveys may 

delineate vadose zone sources and associated interface zone plumes many years 

after spill incidents. Although contribution to the soil-gas and interface 

plumes from vadose zone sources may ultimately cease, interface plumes and hence 

soil-gas plumes may still be generated if DNAPL residual or pools are present 

in the interface zone. Upon eventual complete dissolution of this DNAPL, the 

interface plume will cease to generate and will be transported down gradient, 

partitioning to the soil gas until eventually prevented from so doing by 

accumulation of recharge from above. If substantial DNAPL originally penetrated 

below the water table, and dissolution is slow relative to vadose zone 

volatilisation (as may often be expected), then a site may ultimately evolve to 

a state with only deep DNAPL being present, similar to the ES Site scenario. 

Soil-gas signatures are likely absent and hence a long term scenario evolves in 

which substantial DNAPL is present below the water table, undetectable by soil-

gas surveys. The evolution to this state would typically be long, vary from 

site to site and spill to spill, but has a greater probability of occurring at 

older spill sites. 

Summary 

It is concluded that in spite of their limitations, soil-gas surveys may 

still be a valuable reconnaissance tool to delineate subsurface VOC 

contamination and facilitate location of monitoring wells and soil borings. 

However, since the majority of soil-gas contamination originates directly or 

indirectly from vadose zone sources and very little is expected to arise from 

DNAPL sources and associated ground-water plumes that develop relatively short 

distances below the water table, reliable definition of deeper ground-water 

contamination by soil-gas surveys should not be expected. Soil-gas plumes, In 

the absence of advective gas flow or complex vadose zone geology, may 

approximate the extent of the shallow interface zone ground-water contamination, 

and may indicate ground surface spill locations; however, these may not coincide 

with the location and extent of ground-water plumes and sources at depth. It 

is clear that soil-gas data, although of value, should be used with caution and 

their limitations recognised. 
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Tables 

Table 1. Physical-chemical properties of experimental solutes (at 10°C unless 
otherwise noted). 

Solute 

TCM 

TCE 

PCE 

MW a 

g mol'1 

119.39 

131.40 

165.85 

D. b 

air 

mV1 

8 . 4 x i o - 6 

7 . 6 x i o " 6 

7 .0x io" 6 

D , c 

water Jc-1 m s 

7 .9x io - 1 0 

7 . 4 x i o - 1 0 

6 . 8 x i o - 1 0 

v 
0.0676 

0.172 

0.312 

mm Hg 

98.9 

35 .1 

7.8 

S f ' 

mg L_1 

8700 

• 1400 

240 

OC 

mL g' 1 

44 

126 

364 

R " 

1.05 

1.14 

1.4 

a b 
Molecular weight; Free air diffusion coefficient, calculated from measured diffusion volumes 

(Perry,.1984); Free water diffusion coefficient, calculated from Wllke-Chang equation (Perry. 
1984); Henry's constant (dlmensionless). calculated from regression data of Gossett (1987); 
Vapor pressure (Mendoza and Frind. 1990); Solubility at 22 C.(Broholm and Feenstra. in subm.); 
Organic carbon partition coefficient at 20°C, (Schwllle. 1988); Retardation factor, calculated 

from K and Borden F and bulk density. 
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Figure Captions 

Fig. 1. Plan view of monitoring instrumentation and source locations for (a) 
ES Site and (b) VT Site. The scale is in meters with origins located at ES and 
VT sources. 

Fig. 2. Chronology of experiments, sampling events and remediation conducted 
at ES and VT Sites. Only soil-gas and ground-water sampling events pertaining 
to this study are indicated. 

Fig. 3. Vertical section showing relative location of DNAPL sources for (a) ES 
Site tracer test and (b) VT Site vapor transport study by Hughes et al., (1992). 

Fig. 4. ES Site plan views of TCM, TCE and PCE soil-gas plumes (contoured in 
pg/L at 2 m below ground surface) 285 days and ground-water plumes 322 days 
after source installation. 

Fig. 5. ES Site longitudinal profiles of TCM, TCE and PCE contamination taken 
along the line of migration of ground-water plumes in Figure 4. 

Fig. 6. ES Site temporal variation of PCE soil-gas contamination (recorded 2 
m below ground surface). 

Fig. 7. VT Site TCE ground-water and soil-gas plumes approximately 400 days 
after removal of the VT Source DNAPL used by Hughes et al., (1992). Soil-gas 
concentrations are in pg/L and are contoured in the plan view (measured 2 m 
below ground surface) and recorded as point values in the longitudinal profile. 

Fig. 8. Other Important field observations: (a) ES Site 550 days after source 
Installation showing TCE soil-gas contamination due to a spill of contaminated 
water, Installation of a monitoring well and the DNAPL source; (b) VT Site PCE 
soil-gas (contoured in pg/L) and ground-water plumes (shaded area) 450 days 
after excavation of the PCE experimental spill by Poulsen and Kueper (1992) at 
the location indicated. 

Fig. 9. TCE soil-gas and ground-water depth profiles: (a) close to a vadose 
zone DNAPL source (approximately 5 m from the VT Source of Hughes, (1991) at day 
41 of their experiment); (b) above an interface zone plume (70 m down gradient 
of the VT Source); (c) above a ground-water plume from a DNAPL source (10 m down 
gradient of the ES Source about 300 days after source installation). Elevations 
of DNAPL sources are shown and similar concentration scales apply to each plot. 

Fig. 10. Comparison of field data with steady state 1-D diffusion profiles: (a) 
VT Site interface zone plume and (b) ES Site ground-water plume 10 m down 
gradient of source. Steady state (Lvalues were chosen to coincide with various 
field ground-water concentrations, indicated in pg/L. , Similar concentration 
scales apply to each plot. 

Fig. 11. Modeled transient TCE diffusion profiles in the ground-water zone from 
a source concentration (Cg) located 1.1 m below the water-air interface. Values 
°^ ^ a i r Dv3leC an(J ^c are ^ r o m table 1. Effective diffusion coefficients were 
calculated trom the product of the free diffusion coefficient and tortuosity 
divided by a retardation factor. A tortuosity of 0.6 and a TCE retardation 
factor of 1.14 (Table 1), were used for both zones. 

Fig. 12. Plot of source depth below the water-air interface against TCE soil-
gas concentration produced immediately above the interface for various times. 
Concentrations are expressed relative to the source concentration (Cg) and 
calculated from the transient diffusion equation (10) using similar parameters 

30 



to Figure 11. 

Fig. 13. Conceptual model showing longitudinal and plan sections of ground
water and soil-gas contamination resulting from a typical DNAPL spill. 
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An In-Situ Oxidation Technique to destroy 

residual DNAPL from soil 

By 

MJ Schnarr, GJ Farquhar 

University of Waterloo, Waterloo, Ontario, Canada 

ABSTRACT 

Aquifers contaminated with dense non-aqueous phase liquids 

(DNAPL's) such as chlorinated solvents pose difficult 

remediation problems due to the formation of a discontinuous 

residual within the aquifer porosity. A variety of clean-up 

technologies have emerged to address such problems and most 

have experienced some success depending on conditions. In-

situ treatment would be desirable in many cases by avoiding 

extraction and/or removal costs provided that additional harm 

is not done to the aquifer. 

Promising results into in-situ oxidation have been obtained 

from laboratory scale experiments involving potassium 

permanganate (KMn04) oxidation of the double bonded solvents 

TCE and PCE. Laboratory soil columns were contaminated with 

PCE or TCE and remediated with flushes of Kmno*. Monitoring 

of the by-products of the reactions allowed, the reaction to be 

followed. Mass balances have shown complete removal of the 

pure phase product. Aqueous phase PCE concentration are 

typically near or below drinking water standards. 

INTRODUCTION 

Aquifers contaminated with dense non-aqueous phase 

liquids (DNAPL) such as perchloroethylene (PCE) • and 



trichloroethylene (TCE) have received much attention during 

the last decade. The heavy industrial use of PCE and TCE 

since the 1940's combined with the lack of proper 

environmental regulations for disposal has resulted in the 

contamination of numerous sites across Canada and the United 

States. The environmental damage resulting from spills of PCE 

or TCE will persist because technology available to remove the 

DNAPL from groundwater is limited. 

The physical properties of DNAPL such as PCE and TCE 

cause many difficulties with respect to remediation. Their 

high surface tension and immiscibility in water result in the 

development of a discontinuous residual phase within an 

aquifer. Because of this discontinuity, DNAPL are difficult 

to remove from porous media through conventional pumping 

techniques. The persistence of PCE and TCE and other DNAPL 

within the environment is well documented (Schaumberg, 1990). 

Natural degradation of PCE and TCE within both anoxic and 

aerobic groundwater environments occurs very slowly. The 

solubility, although several orders of magnitude higher than 

drinking water standards (DWS), is low enough to ensure that 

non-equilibrium dissolution of the DNAPL by pumping the 

aqueous phase is a very long term activity. Contamination at 

levels below saturation but well above the DWS will continue 

for a long time (Cherry et al., 1990). 

Methods of DNAPL removal that have been researched and 

field tested include surfactant mobilization and chemically-

enhanced solubilization with co-solvents (Cherry et al., 

1990). These techniques change the solubility or surface 

tension of the DNAPL without altering the chemicals 

themselves. 

In-situ oxidation has received limited attention as a 

remediation technology. However, certain environmentally 

sensitive chemicals including PCE and TCE possess unsaturated 

carbon bonds that provide an excellent opportunity for 

destruction through oxidation. Oxidation of PCE and TCE has 

the potential to cleave the double bond and release less 



hazardous and more mobile chemicals into the groundwater. In-

situ oxidation was successfully field tested on double-bonded 

formalin (CH20) spilled near Springfield, Massachusetts 

(Cowie, ___________, 1986). Formalin in the subsurface was 

oxidized through the injection of a hydrogen peroxide solution 

directly into the spill area. The project illustrated the 

feasibility of in-situ chemical treatment in spill remediation 

technology. 

Experiments performed for this research made use of 

potassium permanganate (KMn04) as an in-situ oxidant for 

aquifer remediation. KMnO« is a powerful oxidant that remains 

stable in water yet reacts quickly when it contacts organic 

matter such as PCE and TCE. Oxidation with KMnO< has been 

used in drinking water treatment to removed odour causing 

organic material and the predecessors of halogenated organics 

(Singer et al., 1980). 

CHEMICAL REACTIONS 

The oxidation of PCE and TCE by KMnO< involves cleaving 

the double bond between the two carbon atoms followed by 

further oxidation of the two chlorinated.carbon atoms. The 

products of complete destruction include carbon dioxide (C02) 

in solution or gaseous phase, potassium chloride (KC1), 

chlorine (Cl2) , hydrochloric acid (HCI) and manganese 

dioxide(Mn02) . The reaction scheme is shown in Equation 1 for 

TCE and Equation 2 for PCE. 

C2Cl3H{TCE)+2KMnOA*'2C02+2Mn02is) +2KC1+HC1 (1) 

C^Cli (PCE) +2KMnOA~2C02+2Mn02 i s ) +2KC1+C12 (2) 

In the PCE reaction, Cl2 will combine with water to form 

hypochlorous acid (HOC1) and the hypochlorite (OC1") ion 

(Equation 3). 

The Ontario DWS for Cl" is 250 mg/l; listed under Maximum 



Cl2+H2O*H0Cl +H*+CJ " 

HOCl~H*+OCl- (3) 

Desirable Concentration (MDC) limits for aesthetic as opposed 

to health concerns (MOE, 1984). 

Mn02(s) is produced in both reactions as a solid phase 

by-product of KMn04 oxidation. Within the porous media, the 

Mn02(s) produced will e'ither be deposited directly on the 

aquifer matrix or be transported as suspended matter. Aqueous 

phase manganese (Mn2+) will be subsequently leached from the 

Mn02(s) produced, however, Mn02(s) is a common constituent of 

many soils. It has in fact been investigated as an important 

oxidant of organic contamination in natural environments 

(Ulrich, et al., 1989). Fortunately, Mn2+ and particulate 

Mn02(s) can be readily removed from water by oxidation and 

sedimentation. The DWS for manganese are also listed under 

the aforementioned MDC limits at a concentration of 0.05 mg/l. 

The DWS for PCE are listed under the Maximum Acceptable 

Concentrations (MAC) for health concerns not aesthetic reasons 

(MOE, 1984) . The current DWS for PCE in Ontario is 0.05 mg/l. 

The remediation scheme envisaged in this research would 

involve pumping a solution of KMn04 into an aquifer 

contaminated with PCE or TCE for the purpose of in-situ 

oxidation. Hydraulic control would be necessary. 

An laboratory experimental programme was established to 

investigation the in-situ oxidation technique. Previous 

laboratory experiments were conducted by Gonullu and Farquhar 

(1990) in which TCE was oxidized by KMn04 application to 

quartz based soils in glass columns. Nearly complete 

oxidation was achieved with stoichiometric release of C02 and 

no organic products. The Mn02(s) formed did not inhibit flow 

and, for the most part was flushed from the columns. 

Subsequent treatment with sodium bisulphite (NaHS03) removed 

the Mn02(s) remaining in the soil. The research here focuses 

on the use of KMn04 to oxidize PCE in calcareous soils taken 



from the site of a proposed field trial. 

The objectives of the laboratory experimentation were: 

1. to investigate if PCE residual in soil can be completely 

transformed to less harmful by-products through treatment 

with solutions of KMn04, 

2. to evaluate the PCE destruction rate in porous media with 

varying concentrations and flow rates of KMn04 and 

3. to perform mass balances on chloride produced to study 

the extent of the oxidation and to identify any 

intermediate organic products. 

EXPERIMENTAL PROCEDURE 

Extant of PCE Oxidation by KMn04 

Before soil column experiments with PCE and KMn04 could 

begin, an investigation into the reaction products and the 

reaction efficiency was required. Because aqueous phase KMn04 
and PCE are immiscible, acetone was selected as a suitable co-

solvent. KMn04 is more reactive with PCE than acetone and 

acetone does not contain chloride which may alter the mass 

balance. The concentrations of Cl", OCl" and H0C1 were 

monitored with an Orion Research Incorporated Combination 

Chloride Electrode #96-17-00 until the reaction stopped. The 

^electrode does not distinguish between the species; the 

measurement.was therefore referred to as total chloride (C1T) . 

Volumes of gas produced (Cl2 and C02) were measured by 

bubbling the gas into an inverted graduated cylinder filled 

with a solution of sodium thiosulphate (Na2S203) . The Na2S203 
was later titrated with KMn04 to quantify Na2S203 loss due to 

Cl2 production. 

The co-solvent experiments involved 1.6 g of PCE and 4.62 

g of KMn04 dissolved in 150 ml of acetone and 100 ml of water. 

The amount of KMn04 was twice the total amount needed to 

completely destroy all the PCE (Equation 2) . After fifteen 



minutes of reaction, the chloride concentration stabilized at 

5400 mg/l. A heavy precipitate of Mn02(s) formed and no 

purple KMn04 colour remained. The gas collected measured 75 

ml but there was. no loss of Na2S203.
 : .It was concluded 

therefore that all, gas produced was C02 with no Cl2. The Cl2 
produced remained in solution as HOCl and OC1" . 

Complete destruction of 1.6 g of PCE would have produced 

a C1T concentration of 5470 mg/l. Since the actual 

concentration was.5400 mg/l, it was concluded that PCE can be 

completely destroyed by KMn04. Thus the potential for 

complete destruction in soils exists if conditions of contact 

are sufficient. 

Soil Column Experiments 

Five glass columns were filled with a silty fine sand 

from the University of Waterloo experimental area at CFB 

Borden. The sand was sieved through a #4 0 sieve to remove 

coarse organic material such as twigs and roots. Chemical 

composition of the sand has been previously researched and the 

results are shown in Table 1. Another mineralogical 

investigation concluded that a 5 percent fraction (bulk) is 

primarily opaque magnetite and ilmenite (Ball, et al., 1990) . 

Porosity of the columns averaged 39% v/v and the organic 

carbon content of the soil was measured at .06% w/w. 

Table I - Mineralogy of a Bulk Sample of Borden Sand 

Component Percent of Total 

Quartz 58 
Feldspar 19 

. Carbonates 14 
Amphiboles 7 
Chlorite 2 

(Mackay et al.. 1986) 



The columns were packed dry in approximately 1 cm layers 

and flushed with C02 for a period of 4 hours to displace air. 

Water was slowly flushed through the columns using a 

peristaltic pump. Flushing continued uninterrupted for 

several days to ensure that all gases were dissolved from the 

columns. PCE dyed red with Sudan IV was added to each column 

either by displacing the water in the columns with PCE and 

allowing it to drain fully, or by injection with a syringe. 

The PCE was allowed to redistribute over a period of 2 to 5 

days to create a more stable residual formation. 

Solutions of KMn04 in various concentrations were pumped 

through the columns at different flow rates. An experimental 

schematic is shown in Figure 1. Effluent analysis included 

measurements of PCE, aqueous Mn2+, C1T, KMn04 residual and gas 

volumes. The PCE was analyzed with a Shimadzu GC-9A FID gas 

chromatograph using an SPB-5 column and a Control Data Systems 

330 Concentrator. The aqueous Mn2* was analyzed with a ARL DCP 

Spectrophotometer. Chloride was analyzed with the 

aforementioned electrode. Residual KMn04 was analyzed by 

titration with Na2S203. Gas volumes were measured in inverted 

graduated burettes. 

DISCUSSION OF RESULTS 

Phase 1 Column Experiments 

The objectives of the Phase 1 experiments were to 

determine if PCE oxidation by aqueous solutions of KMn04 was 

possible and to examine the influence of KMn04 concentration 

on the PCE oxidation rate. Three columns were packed with 

Borden sand and contaminated with approximately 30 grams of 

PCE by imbibition and drainage. Solutions of either KMn04 
and/or sodium hexametaphosphate (Na (P03) 6) were subsequently 

flushed through the columns. Na (P03) 6 was used as an anti-

flocculant in an attempt to keep the Mn02(s) from forming floe 

particles and perhaps shielding PCE from contact with the 

oxidant. KMn04 concentrations were varied to assess their 



impact on oxidation rate under conditions shown in Table II 

Table II - Initial Column Experiments Flushing Conditions 

Column 1 

Column 2 

Column 3 

Flow 
(cm/min) 

.27 

.26 

.26 

KMn04 

none 

2 to 10g/l 

2 to 10 g/1 

NajSjOj 

5 g/1 

5g/l 

none 

The experiment continued for a period of more than 2500 

hours with over 1.80 pore volumes being flushed through the 

column. Four different concentrations of KMn04 were applied 

to the columns. The C1T concentrations in the effluent versus 

pore volumes flushed are in Figure 2. The results of the PCE 

destruction, monitored through C1T concentrations, are seen in 

Figure 3. PCE destruction was calculated using the C1T 

concentrations with each mole of PCE producing four moles of 

C1T. 

The small differences in PCE destruction rates between 

columns #2 and #3 indicated that Na(P03)6 did not significantly 

increase the oxidation rate, although the actual removal of 

Mn02(s) from the soil was not recorded. The changing C1T 

production with varying concentrations of KMn04 added (see 

Figure 2) showed that increased oxidant concentrations improve 

the reaction rate significantly. Subsequent experiments 

showed that KMn04 concentrations in excess of 10 g/1 created 

gas release rates high enough to disrupt the soil. The 10 g/1 

concentration was therefore selected as a working maximum. 

At a concentration of 2 g/1 KMn04, chlorinated organic 

compounds indicating incomplete oxidation were present in the 

effluent. These compounds showed up as peaks on the gas 

chromatograph. At this point in the work, no attempt was made 

to identify these compounds. With KMn04 concentrations of 5 

g/1 or greater, no such by-products were found. 



The results of the Phase 1 experiments suggested that, 

with the use of KMn04, the removal of PCE can be achieved at 

a much faster rate than would be possible with a simple pump 

and treat method. The average removal rate of PCE by water 

flushing from these experiments was calculated to be 

approximately 0.04 g of PCE per pore volume flushed. The 

average removal rate with 10 g/1 of KMn04 was calculated to be 

1.0 g of PCE per pore volume flushed. Figure 3 shows that 

these experiments resulted in the oxidation of approximately 

14 g of the 30 g of PCE added to the soil. 

Phase 2 Column Experiments 

The objectives of the Phase 2 experiments were to examine 

the influence of KMn04 concentration and application rate on 

the rate of PCE oxidation and the possibility of complete PCE 

oxidation in soil. Accordingly, a smaller PCE residual source 

was used. Five columns were packed with Borden sand and 

subsequently injected with 1.6 grams of PCE. A mass balance 

based on C1T and PCE added was conducted. Flow rates and KMn04 
concentrations were varied in four of the columns while the 

fifth was maintained as a control involving only a water 

flush. The pumping rates and KMn04 concentrations for each 

column are shown in Table III. The flow rates were chosen to 

establish a range of pumping conditions similiar to those that 

could be experienced in a field trial. The experiments 

continued over a period of over 500 hours although the 

destruction of the PCE by KMn04 was completed in approximately 

150 hours in column 3 and 300 hours in column 2. 

Data from the Phase 2 experiments are presented in 

Figures 4 through 7. The C1T concentrations verses pore 

volumes flushed are found in Figure 4 and total accumulative 

destruction of the PCE calculated from the C1T is shown in 

Figure 6. 

For each figure, the origin is the point of KMnO; 



Table III - Phase 2 Column Experiments Data 

Flow Rate (m/d) 

KMn04 injected 
(g/1) 

Coll 

0.42 

10 

Col 2 

0.42 

7.5 

Col 3 

0.63 

10 

Col 4 

0.68 

7.5 

Col 5 

0.61 

0 

application. The lag time between the origin and the first 

C1T appearance in the effluent results from KMn04 oxidizing 

soil organics matter. It was found that approximately 37.6 g 

of KMn04 were consumed per 1 kilogram of Borden soil. This 

initial loss of KMn04 will vary with the organic content of 

the soil but will occur only during the initial treatment 

stages. 

In each column, KMn04 application was stopped and water 

flushing begun when the C1T concentration measured in the 

effluent approached zero. This corresponded to approximately 

26, 29, 34 and 45 pore volumes for experiments 1, 3, 2 and 4 

in Figure 4. The same sequence indicates that the most 

efficient oxidation of PCE as measured by C1T production 

occurs with high KMn04 concentrations and low flow rates 

although a lower range of flow rates should be studied to seek 

an optimal condition. 

In each case when the KMn04 addition was stopped and the 

water flush begun, the resultant PCE concentrations in the 

effluent were less than 50 ug/l and, in most cases, less than 

20 ug/l. In contrast, the water flush prior to KMn04 addition 

yielded PCE concentrations near 100 mg/l, approaching the 

equilibrium solubility in water. These results show nearly 

complete oxidation of the 1.6 kg of PCE added. The PCE 

concentrations less than 20 ug/l suggest very little PCE 

residual remaining in the soil. 

Concentrations of total manganese (MnT) measured in the 

post-KMn04 water flush were not-detectable. This indicates 



that the Mn02(s) residual in the soil after oxidation does not 

represent a significant source of long term groundwater 

contamination. 

The conversion of C1T production data to estimates of PCE 

oxidized identified significant problems in the methods used. 

In experiments 1, 3 and 4, the calculated mass of PCE oxidized 

was up to 20% greater than the mass of PCE added. This is 

shown in Figure 6 where PCE oxidized is plotted against pore 

volumes. The reasons for this error are not fully understood. 

Significant problems were experienced in maintaining 

constant flow rates. Subsequently, it was found that the 

actual KMn04 flow rates exceeded the nominal values shown in 

Table III by significant amounts. This is thought to have 

been the major source of the error. The C1T measurements and 

the injection of the initial mass of PCE were found to be very 

accurate and not considered to yield significant errors. 

Other sources of errors are still being evaluated. 

Since the very low PCE concentrations measured in the 

post-KMn04 water flush suggested nearly complete oxidation, 

the data nave been normalized in Figure 7. The data show PCE 

oxidized as a fraction of PCE added. 

DISCUSSION AND CONCLUSIONS 

The experiments have shown that it is possible to achieve 

nearly complete oxidation of PCE residual in soil with aqueous 

solutions of KMn04. The rate of oxidation increased 

proportional to KMn04 concentrations up to 10 g/1. No PCE was 

present in effluent during the addition of KMn04 and no other 

chlorinated organics were present with KMn04 concentrations 

above 2 g/1. The very low PCE concentrations in the post-

KMn04 water flush suggested that the residual PCE in the soil 

was small, perhaps negligible. 

The variation in oxidation rate with KMn04 flow rate 

indicates that the reaction is kinetically controlled. These 

results and those of related experiments suggest that the 



oxidation involves mostly PCE in aqueous solution and not PCE 

as an immiscible phase. In the presence of KMn04, PCE going 

into solution is oxidized and the high concentration gradient 

enhances further PCE dissolution. Enhanced dissolution 

followed by rapid oxidation supports the rapid PCE removal 

observed. 

Further support for the kinetic control comes from the 

work of Gonullu and Farquhar (1990). They performed similiar 

experiments with TCE. Rates of oxidation were much more rapid 

than those shown here with PCE. The solubility of TCE is 

about 7 times higher than that of PCE. 
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Figure 2 - Chloride Production 
from PCE destruction 
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Figure 3 - PCE Removal 
by oxidation and dissolution 
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Figure 4 - Chloride Production 
from PCE Destruction 
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Figure 5 - Chloride Production 
from PCE destruction 
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Figure 7 - Normalized PCE Removed 
by Destruction and Dissolution 
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